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ABSTRACT 
 
 
The purpose of this study is to evaluate the attenuation of chemical species 
migrating in an aquifer, Stark County, Ohio.  The study area has been significantly 
impacted by mining operations and the subsequent construction of a monofill.  This study 
was funded by a grant from the Stark-Tuscarawas-Wayne Joint Solid Waste Management 
District and is one of many studies completed to evaluate the environmental impacts from 
the historical mining operations and the current construction and operation of the 
monofill.   
This study presents the results from eleven years of groundwater monitoring from 
four wells (M1, M2, WL7 and WL11) and the migration trends of select chemical species 
introduced to the aquifer at two source areas.  The two source areas include the northern 
site which was used for coal washing prior to 1989 and reclaimed in 1993 and 1994 and 
the southern site which was used for strip mining and subsequently converted to a 
shredded tire monofill 1998.   
Groundwater samples were collected from four wells from 1993 to 2004 and 
analyzed for major cations, anions and trace elements. The migration rate of the 
individual chemical species concentration anomalies, as presented on time series plots, 
were evaluated to determine if attenuation has occurred during migration through the 
aquifer.  
iv 
Attenuation is demonstrated by the reduction in mass or concentration of a chemical 
species in groundwater over time, or distance from the source.   
The attenuation of chemical species SO42- and HCO3- were determined to be 
impacted by multiple source areas.  Two sources of these species are believed to be from 
infiltration of the leachate from the coal washing at the northern site prior to and during 
remediation activities.  The second source of these species is believed to be infiltration 
from the leachate ponds and mine spoil piles at the southern site prior to the construction 
of the monofill.  Therefore, the use of the SO42- and HCO3- data to establish attenuation is 
not ideal and should be considered with some uncertainty.  
The opposite phenomenon is observed with the Cl- and Ca2+ concentration 
anomalies.  Unlike SO42- and HCO3- peaks, the Cl- and Ca2+ peaks are decreasing in 
concentration as they migrate down gradient. This decrease in concentration could be 
attributed to attenuation since these species have a single source near well M2.  
Therefore, the use of the Cl- and Ca2+ data can be used to establish attenuation.  
Trace element data were not collected prior to 1995 for arsenic (As) and cadmium 
(Cd).   The initial concentration of these trace elements was extrapolated for this study 
and not measured in actual samples.  Therefore, the use of the As and Cd data to establish 
attenuation is not ideal and should be considered with some uncertainty. 
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CHAPTER I  
INTRODUCTION 
This document presents the results of a study conducted to evaluate the 
attenuation of chemical species migrating in an aquifer located in southeastern Stark 
County in Minerva, Ohio (Figure 1.1).  Attenuation is defined by the American Society 
for Testing and Materials as the “reduction in mass or concentration of a compound in 
groundwater over time or distance from the source of contamination to naturally 
occurring physical, chemical, and biological processes” (ASTM, 2003).  This study 
focuses primarily on the physical processes that impact attenuation.  
To evaluate the attenuation of select chemical species through the aquifer, 
groundwater samples were collected from four wells from 1993 to 2004 and analyzed for 
major cations, anions and trace elements.  Wells WL7 and WL11 were installed as 
residential drinking water wells in 1984 and 1978, respectively.  Ohio Department of 
Natural Resources (ODNR) water well log and drilling reports are available for WL7 and 
WL11 and are provided in Appendix A.  Wells M1 and M2 were installed as monitoring 
wells in 1993. Boring logs and well construction diagrams are provided in Appendix A.  
Wells M2 and WL7 are located south of U.S. Highway (US) 30, and M1 and WL11 are 
located north of Liberty Church Road (Figure 1.2).  All four wells are installed in the 
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middle aquifer which is composed of a heterogeneous mixture of interbedded sandy 
shales and sandstones (Wang, 1999).  Groundwater in the middle aquifer flows in a south 
to southwest direction (Wang, 1999). 
A source is required in order to determine if attenuation has occurred. For this 
study, the source is where the highest concentration is observed.  Two source areas are 
believed to have contributed elevated concentrations of certain chemical species into the 
middle aquifer.  The northern site is an abandoned strip coal mine and washing plant 
located north of US 30 (Figure 1.2) where reclamation activities included the installation 
of a constructed wetland and limestone aggregate to neutralize the acidic drainage from 
the site.  The southern site, also a former mining location, contained gob piles containing 
mining refuse (Figure 1.2) and has been converted into a shredded tire monofill.  The 
reclamation activity at the northern site is considered the primary source area where the 
highest initial concentrations of chemical species were introduced into the middle aquifer.  
The mining and monofill construction activities at the southern site are believed to be the 
secondary source of chemical species infiltrating the middle aquifer.  The concentration 
of species entering the aquifer at the northern site are expected to be highest in wells M2 
and WL7 and decrease in concentration as they migrate further away from the source and 
towards wells M1 and WL11. 
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Figure 1.1. Map of general study area location including US 30, after Lin (1995). Not to 
scale. 
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Figure 1.2. Topographic map showing study area site features, well locations, northern 
site and southern site, after Wang (1999).
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Study purpose 
The purpose of this study is to evaluate the attenuation of chemical species 
migrating in an aquifer, Stark County, Ohio.  This study presents the results from eleven 
years of groundwater monitoring from four wells and the migration trends of select 
chemical species introduced to the aquifer at the northern and southern site source areas. 
Groundwater samples were collected from four wells from 1993 to 2004 and analyzed for 
major cations, anions and trace elements. The migration rate of the individual chemical 
species concentration anomalies, as presented on time series plots, were evaluated to 
determine if attenuation has occurred during migration through the aquifer. Attenuation is 
demonstrated by the reduction in mass or concentration of a chemical species in 
groundwater over time, or distance from the source.   
Location of study 
Paris Township is located in the southeastern corner of Stark County, Ohio, 
approximately 1.5 km or .93 miles west of Minerva (Figure 1.1).  The main highway that 
intersects this township in a west-east direction is US 30.  The middle aquifer under study 
extends north of US 30 and includes the historic location of the strip mine and coal 
washing plant (northern site).  South of US 30 is another strip mine that has been 
converted to a shredded tire monofill (southern site).  Monitoring wells M2, WL7, M1 
and WL11 evaluated in this study are located in the area south of US 30 and north of 
Liberty Church Road, as shown on Figure 1.2.   
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Site history 
The northern site was mined before 1989 by Keffler & Rose Enterprise, Inc. 
(K&R), under Ohio Division of Reclamation mining permit D-555 (Lin, 1995).  During 
these mining activities, including coal washing, large amounts of acid drainage were 
generated and significant amounts were stored on-site in holding ponds as presented in 
Figure 1.3.   
 
Figure 1.3. Northern site acid drainage holding pond prior to reclamation. 
 
From July 1993 through March 1994, the Ohio Department of Natural Resources 
(ODNR) reclaimed the site (Visocky, 2002).  Subcontractors to ODNR constructed a 
wetland at the east side of the northern site to collect the acid drainage from the holding 
ponds and covered mine wastes (Visocky, 2002).  Limestone aggregates were used to 
neutralize the acid drainage prior to discharge into the Temple ditch located on the east 
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side of the constructed monofill.  Figure 1.4 presents a schematic of the K&R Bog at the 
constructed wetland.  Once the acid drainage holding ponds were drained, the area was 
graded and seeded.  No other remediation activities have occurred at the northern site.
 
Figure 1.4. Illustration showing the constructed wetland east of the northern site where 
limestone blocks were introduced to neutralize acid drainage from the holding ponds, 
from Visocky (2002). 
 
The southern site is a defaulted coal strip mine of Keffler and Rose Enterprise, 
Inc. (Ohio Division of Reclamation mining permit D-276) (Lin, 1995).  It was mined for 
coal and under clay from April through June 1996, and was constructed into a shredded 
tire monofill in 1998.  Figure 1.5 presents a photograph of the southern site where mine 
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spoil piles were present prior to the construction of the monofill.  The history of these 
two sites is presented in Table 1.1.   
 
Figure 1.5. Southern site with mine spoil piles prior to the construction of the monofill. 
 
Table 1.1. Summary of historic activities at the northern and southern sites. 
Prior to 1989 Coal mining and washing at the northern site 
July 1993 through March 1994 Reclamation of the northern site 
April 1996 Coal mining at southern site 
December 1996 Reclamation of southern site 
1998 through present Construction of shredded tire monofill at southern site 
 
Previous works at the site 
The results of this study and several others are part of a long-term comprehensive 
evaluation of the factors affecting leachate of the shredded tire monofill site prepared for 
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the Stark-Tuscarawas-Wayne Joint Solid Waste Management District.  The final report 
was submitted in 2006 titled Advanced Research on Shredded Tire Leachate (Chyi, 
2006).  Previous works included the work performed by Lin (1995) to determine flow 
direction and speed of groundwater migrating in the middle aquifer.  Wang (1999) 
classified the groundwater and described the quality change of this aquifer in time.  
Kowalkowski (2002) completed a geochemical analysis of the states of trivalent cation 
species based on previous studies.   
Lin (1995) constructed a two-dimensional groundwater flow model and particle 
tracking to show the potential contaminant flow paths from the monofill located at the 
southern site for 5, 10 and 20 years.  Based on the variable lithology of the middle 
aquifer, Lin used a hydraulic conductivity of 0.61 m/day for confined portions of the 
aquifer and 6.1 m/day for unconfined portions for his groundwater flow model (Lin, 
1995).  Lin concluded that the groundwater flow direction in the middle aquifer was 
south by southwest with an average hydraulic gradient of 7.0 ft/1,000 ft (Lin, 1995).  
According to Linn’s findings, contaminants released from the southern site will take 
approximately 50 years to reach the discharge point of the middle aquifer (Lin, 1995).  
The results of the particle tracking for the 10 year simulation are presented in Figure 1.6.   
The estimated travel distance that the shortest and longest particle tracks migrated 
after 10 years were 550 m and 900 m respectively, and the average particle track length 
was 675 m.  A particle track migration rate was calculated by dividing 675 m by 10 years 
to get the particle travel rate of 67.5 m/yr.  Next, the distance traveled per year was 
divided by 365 days to the approximate particle migration rate of 0.18 m/day.  From this 
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calculation, the approximate particle track migration rate in the middle aquifer from the 
southern site down the hydraulic gradient is 0.18 m/day. 
 
 
Figure 1.6. Estimated position of potential contaminant flows in 10 years (Lin, 1995) 
including the northern and southern sites in grey and wells in red. 
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Wang (1999) classified the groundwater and identified the factors affecting the 
hydrogeochemistry.  His study classified the middle aquifer as a calcium-sulfate type due 
to the high concentrations of SO42- detected in groundwater (Wang, 1999).  He concluded 
that the elevated concentrations of SO42- present in groundwater at the southern site were 
attributed to the acid mine drainage from the spoil piles and acid precipitation.   
Kowalkowski (2002) further continued the research at the study area by 
determining the abundance and attenuating behavior of trivalent cations.  His study 
characterized the nature of the groundwater and leachate directly affected by the mining 
and coal washing activities by installing temporary piezometers into gob piles and strip 
pits left behind from strip mine activities at the southern site.  Groundwater collected 
from PZ1, PZ2 and PZ3 was analyzed for major cations, anions and trace elements to 
characterize the chemical species infiltrating the aquifer as a result of the mining 
activities.  Figure 1.2 shows the historic location of the PZ wells prior to removal during 
the monofill construction.  Since wells were not installed at the northern site and similar 
mining activities were utilized at both sites, the leachate samples collected from the PZ 
wells should represents the concentrations and types of chemical species introduced to 
the middle aquifer as a result of the mining and reclamation activities at both sites.  This 
assumption allows for the comparison of the concentrations of chemical species, 
produced from mining and reclamation activities as observed in PZ1, PZ2 and PZ3, to the 
concentrations observed at M1, M2, WL7 and WL11.  The chemical species presented in 
Table 1.2 represent the aqueous mixture introduced to the aquifer as a result of mining 
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activities at the southern site and form the basis for the selection of chemical species 
evaluated in this study.   
Table 1.2. Sample results from PZ wells installed in mine spoils at the southern site, after 
Kowalkowski (2002). 
Sample Site 
Ca2+ 
(mg/L) 
Cl- 
(mg/L)
SO42- 
(mg/L)
HCO3- 
(mg/L)
Cd   
(ppb) 
Ni   
(ppb) 
Pb   
(ppb) 
PZ1 8/24/93 380 11 1300 440 ** ** ** 
PZ1 9/13/94 207 7 741 261 ** ** ** 
PZ1 3/30/95 190 6.7 613 256 ** ** ** 
PZ1 6/28/95 200 7.1 620 294 1.04 23.92 1.56 
PZ1 12/5/95 231 7 678 260 0.3804 24.9796 0.5072 
Average 242 8 790 302 NA NA NA 
 
PZ2 8/24/93 240 9.8 590 400 ** ** ** 
PZ2 9/14/94 260 8 785 333 ** ** ** 
PZ2 3/30/95 310 9.5 723 316 ** ** ** 
PZ2 12/5/95 333 7 1027 296 0.1098 35.685 0.366 
Average 286 9 781 336 NA NA NA 
 
PZ3 8/24/93 250 5.8 790 230 ** ** ** 
PZ3 9/14/94 190 3 619 188 ** ** ** 
PZ 3/30/95 200 3.7 561 252 ** ** ** 
PZ3 6/28/95 180 3.6 550 168 1.3298 211.06 4.636 
PZ3 12/5/95 207 4 550 196 0.1285 14.392 1.542 
Average 205 4 614 207 NA NA NA 
 
Total Average 244 7 732 283 0.60 62.01 1.72 
NA – Not applicable. 
**Not analyzed. 
Review of contaminant attenuation processes 
Hrabovszki (2001) conducted a principal component and correlation analysis of 
the geochemical processes controlling trace element distribution of groundwater in 
Hungary.  He determined that, along the flow path, the distribution of some components 
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followed a chromatographic pattern based on the differences in the retardation along the 
flow path for the various cations (Hrabovszki, 2001).  
A similar approach was used in a study that monitored the movement of bacteria 
in an aquifer or porous medium by Harvey et al. (1989).  They determined that both 
surface characteristics and size of the microspheres affected the natural gradient test by 
analyzing the transport of stained bacteria of varying types and sizes.  They found that 
there was an earlier breakthrough of the DAPI-stained bacteria relative to bromide, 
suggesting rapid transport and a possible “chromatographic effect” (Harvey et al., 1989).  
This study recognized that the migration of bacteria is not just dependent on size, but also 
upon surface characteristics.  Similar stipulations are expected to affect the migration of 
chemical species though the aquifer in this study. 
Two different solutions are passed through the same activated carbon stationary 
phase to determine how the porous material impacted the migration of different solutions.  
Activated carbon was used as the stationary phase in Mehandjiev’s study because it has a 
complex porous texture (Mehandjiev et al., 2000).  The contribution that these various 
spaces have on chemical species migration should be observed in the varying migration 
of certain elements and compounds in a natural aquifer.   
The following study illustrates the typical use of liquid chromatography and an 
example of how time series plots are used.  Figure 1.7 is a graph (or time series plot) 
generated from a High-Performance Liquid Chromatograph (Skoog et. al., 1998).  The 
concentration anomalies of several compounds are observed by the peaks identified as 1 
through 8 time series plots.  The sample was mixed with a solvent and injected (injection 
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time is noted as t = 0) into the ion separator, or stationary phase, under high pressure to 
create a mobile phase.  Similar time series plots and migration speeds will be constructed 
from the data collected for select chemical species.   
 
Figure 1.7. Diagram showing peaks representing various orders and speeds of migration 
of chemical species in a high performance liquid chromatograph (Skoog et. al., 1998). 
 
Advection and dispersion are the major mechanisms causing the attenuation of 
chemical species migration in groundwater.  Advection is the process by which moving 
groundwater carries with it dissolved solutes (Fetter, 2001).  Dispersion is the process 
that dilutes the solute and lowers its concentration (Fetter, 2001).  There are three types 
of dispersion commonly taking place in a natural aquifer (Figure 1.8).  The length of the 
flow path can also cause dispersion.  If chemical species have to meander and maneuver 
around grains, their path length becomes longer causing decreases in concentration 
because the groundwater is spread out over a larger area.   
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Adsorption may also impact attenuation, especially in aquifers that have a high 
clay content.  Clay tends to be a strong absorber as it has a significant electrical charge 
that favors the adsorption of some cations (Fetter, 2001).  
 
Figure 1.8. Types of dispersion show different paths for chemical species movement 
through groundwater (after Fetter, 2001). 
 
Finally, there is internal friction in the pores caused by the movement of the water 
against the grains creating less friction in the center of the pores space compared to the 
margins.  All three types of dispersion occur simultaneously within the aquifer resulting 
in a decreased down gradient concentrations.  The further groundwater migrates from the 
16 
source, the more diluted the initial concentration becomes, resulting in a concentration 
anomaly with a smaller amplitude.  Since movement of groundwater is controlled by the 
primary porosity or pore space between grains and the secondary porosity formed from 
fractures in the rocks and flow along bedding planes (Fetter, 2001), flow through the 
middle aquifer which is composed of a heterogeneous mixture of interbedded sandy 
shales and sandstones (Wang, 1999) is not at a constant flow direction.   
In addition to dispersion that decreases the initial concentration entering an 
aquifer as it moves through pore spaces, advection is taking place (Figure 1.9).  The well 
location in relation to the source area will affect the concentration observed at the down 
gradient well.  The closer the well is to the initial source concentration and the direct path 
of the groundwater, the sharper and more defined the concentrations peak will be as 
observed in Figure 1.9 with Well 1.  Since M2 and WL11 are close to the primary source 
area, the peaks defining the concentration anomaly are expected to be well defined, sharp 
peaks similar to Well 1 in Figure 1.9.  The further a well is from the initial concentration 
source the broader and less defined the concentration peak will be at the well.  The 
concentration anomaly peak at M1 and WL7 is expected to be broad and flat, due to their 
distance from the primary source area, similar to Wells 2, 3, and 4 in Figure 1.9.  These 
observations are only true with point sources and will not apply to chemical species being 
introduced through continuing sources.  Since both sites have been remediated, any 
concentration anomalies observed post remediation should be more indicative of a point 
source, assuming no other sources are impacting the middle aquifer. 
 
17 
 
Figure 1.9. Decreasing and broadening of the concentration anomaly peaks from 
advection and dispersion, from Drever (1988). 
 
Another key component causing advection and dispersion is the lithology 
heterogeneity phenomena illustrated in Figure 1.10.  This diagram shows how an injected 
tracer migrates at various rates through different layers that are divided by varying 
lithologic characteristics.  A tracer was injected at Well 1.  Layers a through g have 
different permeability as a result of varying lithology.  The tracer injected into the system 
at a single time migrates through each layer at different speeds causing the tracer to 
appear in Well 2 at different times.   
18 
 
Figure 1.10. Shaded areas represent tracer migration speeds passing through lithologic 
layers with different permeability (a-g), after Drever (1988). 
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CHAPTER II  
GEOLOGY AND HYDROGEOLOGY 
Geology 
The regional bedrock of the study area belongs to the Allegheny Group, 
Pennsylvanian System (Delong and White, 1963).  The Allegheny Group is a series of 
interbedded sandstone and shale separated by coal and their underclay of varying 
thicknesses (Delong and White, 1963).  Figure 2.1 is a composite stratigraphic column 
based on the lithology of the study area.  The stratigraphic column was constructed by 
combining ODNR well logs and observed units exposed above the No. 5 underclay when 
the monofill was constructed in 1996. 
The three aquifers at this site are designated the upper, middle and lower aquifers 
(Lin, 1995).  The upper aquifer is intermittently present and is completely unconfined.  
Due to the coal mining activities within in the study area, the middle aquifer is a 
discontinuous aquifer that is confined in some areas and not in others. The lower aquifer 
is made of a sandy shale unit that is confined at the base by the No. 4 underclay and at the 
top by the No. 5 underclay.  The focus of this study is the middle aquifer, so the physical 
and chemical characteristics of the middle aquifer are discussed in greater detail.  
20 
 
Figure 2.1. Stratigraphic column of the Allegheny Group, Pennsylvanian System, in the 
study area.  Compiled from boring logs presented in Appendix A. 
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Although four major coal beds make up the Allegheny Group, the two of 
economic interest are the Middle Kittanning (No. 6) and the Lower Kittanning (No. 5).  
The underclay of these two coal units form the confining units of the middle aquifer, as 
defined by Lin (1995), in areas where the coal units have not been removed during 
mining.  All of the wells in this study and the majority of the domestic wells in the area 
are drilled into the middle aquifer (Walker, 1984).   
Physical characteristics of the middle aquifer 
Groundwater characteristics are controlled by the extent, lithology, mineralogy, 
biology, recharge and discharge of the aquifer.  The physical characteristics outline the 
framework and environment that develop the chemical characteristics of the aquifer.  The 
middle aquifer is a heterogeneous mixture of interbedded sandy shales and sandstones 
with varying lateral facies changes (Delong and White, 1963).  The sandstones are mostly 
quartz with some muscovite impurities, with grain sizes ranging from medium to coarse, 
angular to subangular grains that result in a low porosity, generally less than 20% 
(Delong and White, 1963).  The heterogeneity of the middle aquifer creates a wide range 
of possible porosity and permeability values resulting in greater uncertainty when 
quantifying these parameters. 
Since the aquifer is composed of interbedded sandstone and shale, the 
groundwater flow rate is expected to vary not just with variation in hydraulic gradient, 
but also with lithologic changes throughout the aquifer.  Additionally, areas of the aquifer 
have been altered by coal mining operations that have created discontinuous units where 
coal and coal underclay have been removed promoting leakage from the upper aquifer 
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into the lower aquifer.  Heavily fractured coal layers, where present, also contribute to 
leakage both in and out of the aquifer.  The 4.5 m thick No. 5 Coal underclay has a very 
low permeability and is the confining unit at the base of the middle aquifer which 
minimizes the leakage into the lower aquifer, when present (Delong and White, 1963).  
Although discontinuous units impacted by mining allow small amounts of discharge from 
the aquifer, the main areas of discharge are the Temple Ditch on the east and the Hugle 
Run on the west (Wang, 1999) (Figure 2.2).  Both creeks drain to the south and join the 
Sandy Creek, which flows westward joining the Tuscarawas River near Bolivar, 
Tuscarawas County (Wang, 1999) (Figure 2.2).   
The study area has an irregular topography that was eroded as glacial melt waters 
carved the land over 10,000 years ago (Delong and White, 1963).  Although the lower 
aquifer was not truncated by these melt waters, the upper and middle aquifer were, and 
continue to be bounded by the modern streams (Wang, 1999) (Figure 2.2).  The green 
line represents the lateral extent of the middle aquifer within the study area.  These 
streams are the hydraulic boundaries and receive recharge from the middle aquifer in 
addition to surface runoff.   
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Figure 2.2. Map showing the lateral extent of the entire middle aquifer (outlined in green) 
and the streams that bound the middle and upper aquifers, after Wang (1999). 
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Recharge for the middle aquifer is from precipitation, infiltration and leakage 
from the upper aquifer through the fractured coal units (Lin, 1995).  Two additional 
sources of recharge for the middle aquifer are the northern site and the southern site 
where the aquifer was exposed during mining activities allowing it to receive direct 
surface water recharge.  During the operations at both sites, the No. 6 Coal and 
underclay, which are the semi-confining upper units for the middle aquifer, were partially 
removed.  As a result, two new recharge zones for the aquifer were created where 
constituents can be introduced to the aquifer.   
Chemical characteristics of the middle aquifer 
Groundwater chemistry provides a signature that reflects the sum of all physical 
processes and chemical reactions that affect groundwater from the time it began as 
rainfall, infiltrated through the soil, passed into the aquifer as recharge, and traveled to 
the point of sample collection or discharge from an aquifer (Bartolino and Cole, 2002).  
Examples of geochemical processes affecting the aquifer include complexation, acid-base 
reactions, oxidation-reduction, precipitation and dissolution, and adsorption-desorption 
(Meybeck et. al, 1996).  The chemical characteristics are based not only the variations of 
the physical characteristics of the aquifer, but also the specific chemical environment and 
reactions taking place.   
Previous works from Wang (1999) and Kowalkowski (2002) have investigated 
the chemical characteristics of the middle aquifer.  These studies present a detailed site 
specific classification of the middle aquifer and a detailed characterization of the 
chemical species present in the aquifer.  In the eastern United States, ground and surface 
25 
waters near coal mines are typically acidic due to the oxidation of the pyrite in coal and 
coal overburden (Drever, 1988).  The following equations demonstrate the oxidation of 
pyrite and later deposition of iron hydroxide: 
FeS2 + 3.5O2 + H2O = Fe2+ + 2SO42- + 2H+ 
 
Fe2+ + 0.25O2 + 2.5H2O = Fe(OH)3 + 2H+ 
The products of these reactions produce chemical species similar to those 
presented in Kowalkowski’s study.  In addition, many trace elements are mobilized under 
strongly acidic conditions (Drever, 1988), so elevated concentrations of trace elements 
are often observed in groundwater near mining locations.  Trace elements are defined as a 
chemical element whose concentration is less than 1000 ppm or 0.1 percent of a rocks 
composition (Bowen, 1966).  Trace element concentrations detected in the PZ well 
samples were three orders of magnitude higher than those typically collected in natural 
waters near the study area (Kowalkowski, 2002). 
The water exposed to the mine spoils and weathering during strip mining 
activities at the northern and southern sites was acidified through this process.  As a 
result, the groundwater within the middle aquifer is expected to be enriched with higher 
concentrations of SO42-, HCO3-, Ca2+, Cl- and several trace elements including Cd, nickel 
and lead as presented in Kowalkowski’s study. 
Conceptual site model 
A schematic cross section of the middle aquifer was constructed to illustrate the 
spatial relationship of all of the factors affecting the aquifer including infiltrating 
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chemical species at the source areas and the groundwater migration path (Figure 2.3).  
The cross section was modified by extending the A-A’ cross section line presented in 
Figure 2.2 to include the coal wash plant reclamation site and to include WL11.  The 
cross section also shows the locations where the confining units (No. 5 and No.6 Coal) of 
the aquifer have been removed by mining activities.  The removal of these confining 
units and the associated underclays at the northern and southern sites exposed the aquifer 
to the infiltration of acid mine drainage.  The cross section is oriented parallel to the 
general direction of groundwater flow. Wells M1 and WL11 are positioned down 
gradient of M2 and WL7 and groundwater in the middle aquifer is flowing southeast.   
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CHAPTER III  
METHODS 
This chapter presents the methods used to collect groundwater and the processes 
used to analyze each sample.  A rationale for the use of quality assurance (QA) and 
quality control (QC) is also presented in this chapter. 
This study utilized a compilation of data that were previously collected, analyzed 
and validated to support several other studies from 1993 to 2004, along with data that 
were collected and analyzed during the development of this study.  Groundwater samples 
collected for this study were analyzed and validated approximately every two months 
from January 4, 2004 through September 28, 2004.  The groundwater samples were 
analyzed for total dissolved solids (TDS), pH, Specific Conductivity at 25 ºC (SC25), 
alkalinity, and the following major cations and anions: Ca2+; Mg2+; Na+; K+; total Fe; 
total Mn; F-; Cl-; NO3-; PO43-; SO42-; and HCO3-.  In addition, samples collected after 
December 5, 1995 were analyzed for trace elements using inductively coupled plasma 
mass spectrometry (ICP-MS) by an independent commercial laboratory.   
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Groundwater sampling 
Monitoring wells M1 and M2 are installed near homes and have outside access 
and were sampled by students or faculty.  Samples were collected from M1 and M2 with 
a dedicated bailer.  To collect groundwater samples from the drinking supply wells (WL7 
and WL11), the wells were disconnected from all household purification and softening 
devices and allowed to run for 20 minutes prior to sampling.  Two 1 L polyethylene 
cubitainers were used to collected groundwater samples at WL7, M2, M1, and WL11.  
Samples were kept at 4°C during transportation and storage to help preserve the sample.   
Groundwater analysis 
The samples were filtered immediately after transportation back to the 
Geochemistry Laboratory at The University of Akron where all measurements of 
groundwater parameters including major cations and anions were performed.  Trace 
element analysis was performed at an independent commercial laboratory (SGS) using 
ICP-MS analysis. 
All groundwater analyses, including major cations and anions analyses, were 
performed using the Procedures for Leachate Analysis Specifically for Stark County 
Monofills Chyi Methods (2004) included as Appendix A and summarized below.  Each 
sample was first pressure filtered using a 0.45 micron filter to remove any suspended 
solids and most of the bacteria before being placed in a refrigerator for storage.  One 
container was acidified for the cation analysis by adding five drops of HNO3 to prevent 
bacteria growth and precipitation.  The other container used for anion analysis was not 
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acidified, so it had to be analyzed within 72 hours.  Bicarbonate measurements were 
taken using a titration method and the results were calculated to determine the alkalinity 
and acidity.  Next, Specific Conductance at 25ºC (SC25) was determined with probe, and 
fluoride was determined with ion specific electrode.  Atomic Absorption (AA) was used 
to analyze concentrations of the following cations: Na+, K+, total Fe, total Mn, Ca2+, and 
Mg2+.  A colorimetric method was used to determine the concentration of PO43-.  Finally, 
liquid chromatography was used to determine Cl-, NO3-and SO42- concentrations.  The 
total dissolved solids (TDS) were determined from evaporating 20 mL of the sample and 
weighing the residual.   
Piper (1944) diagrams were generated in this study to characterize the 
groundwater of the current data collected.  This method plots the proportions of the major 
cations and anions to determine a classification of the groundwater based on the location 
of the data points within each zone (Figure 3.1).  All the data collected from M1, M2, 
WL7 and Wl11, were plotted on Piper diagrams to summarize the groundwater 
characteristics and to show the classified type. Since this study is comparing the 
migration of chemical species in one aquifer, Piper diagrams will be used to verify that 
all samples collected are from the middle aquifer.   
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Figure 3.1. Piper diagram showing different groundwater types used to classify 
groundwater results of the current data, from Piper (1944). 
 
Quality assurance and quality control 
The results of the laboratory analysis performed on the samples collected under 
this investigation were evaluated for QA/QC by the methods described by Dai (1993).  
Appendix A contains the worksheets and data used to prepare results and conduct the 
QA/QC analysis of the major cations and anions detected in each of the current samples.  
Balance calculations were conducted to determine if any analytical results were invalid, 
requiring them to be removed from this study.  The following three plots were generated 
to conduct the QA/QC analysis of the current data presented in Chapter 4: 
 Conductivity deviation = measured TDS (from evaporation)/ SC25. 
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 TDS deviation = calculated TDS/ measured TDS.  This plot compares the 
measured TDS to the TDS calculated from analytical results [(mg/L) Cation + 
(mg/L) anion]. 
 Deviation = ∑anion / ∑cation.  The sum of the major cations and anions are 
expressed in milliequivalent/liter (meq/L) to compare ionic balances.  The meq/L 
Equivalence sum = (mg/L concentration of each ion) x the Equivalent Factor. 
These plots, included in Chapter 4, were used to check both the accuracy and precision of 
the laboratory analyses and to validate the data.  
ICP-MS analysis 
Once all samples achieved the QA/QC criteria, the remaining sample material 
were evaporated under low heat to obtain at least 0.5 g of TDS.  For samples that did not 
have at least 0.5 g of evaporate, crushed aspirin was added to the sample to achieve 0.5 g.  
The TDS was collected in glass vials and shipped to SGS an independent commercial 
laboratory for trace element analysis using ICP-MS.  All the current samples and those 
collected after December 5, 1995 were analyzed using ICP-MS.  A total of 52 trace 
elements were analyzed representing 9 years of trace element data.  The ICP-MS sample 
method was selected because it has the ability to detect very low/trace concentrations of 
chemicals that the methods used in the University of Akron Laboratory cannot achieve.  
ICP-MS using ICM40B multi-acid (4 acid) digestion is an analytical technique that is 
highly sensitive and capable of detecting very low concentrations of trace elements.  The 
methods used by SGS and the detection limits are included in Appendix B.   
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To ensure the quality of the data produced by the commercial laboratory, a known 
standard was sent to the laboratory. Berliner (2004) compared the results from the 
commercial laboratory to the concentrations of the known standard (Figure 3.2).  The 
standard reference material (SRM) used was National Institute of Standards and 
Technology (NIST) SRM 1633a coal fly ash.  Berliner (2004) plotted the trace element 
certified standard concentration values against the concentration values detected by the 
commercial laboratory.  All values located to the right of the compatibility line are lower 
than NIST standard and are detected below the reporting limit, and all the values to the 
left are comparable.  The concentrations as determined by ICP-MS for various elements 
at the commercial laboratory were comparable to the certified values of NIST.  With a 
correlation coefficient of 0.9969 and a percent recovery for As of approximately 90%, the 
ICP-MS results from the commercial laboratory are considered valid for this study as 
presented in Berliner (2004.) 
 
Figure 3.2. Plot of NIST SRM 1633a certified value versus the results of the commercial 
laboratory, from Berliner (2004).   
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Generating time series plots 
To determine if attenuation has occurred as groundwater migrates down gradient, 
each result was plotted on a time series plot and concentration anomalies evaluated.  For 
the middle aquifer under study, the initial source is believed to be the remediation of the 
northern site that began in 1993 represented as t=0 on the time series plots.  Migration 
rates for the individual chemical species will be determined based on the time between 
the first appearance of an anomalous concentration peak observed at M2 and then down 
gradient at M1 at a later point in time.     
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CHAPTER IV  
RESULTS 
This chapter presents the analytical results and hydrogeochemical classification 
for 58 samples collected from M1, M2, WL7 and WL11 from May 1993 to September 
2004.  Each sample was analyzed for TDS, pH, SC25, alkalinity and the following major 
cations and anions: Ca2+; Mg2+; Na+; K+; total Fe; total Mn; F-; Cl-; NO3-; PO43-; SO42-; 
and HCO3-.  In addition to the analytical parameters listed above, all samples collected 
after December 5, 1995 were analyzed for trace elements.  Finally, trend analyses were 
performed by plotting the concentration variations over time for SO42-, HCO3-, Cl-, Ca2+, 
As and Cd on time series plots to determine migration rates through the aquifer.   
Groundwater results 
Table 4.1 presents the groundwater analytical results of the historic and current 
samples collected from M1, M2, WL7 and WL11.  The sample name includes the well 
name and the date that the sample was collected.  The time listed in the table is in days 
and represents the number of days that have lapsed since the first sample was collected 
from M1 and M2 on May 3, 1993.  For the time series plots, May 3, 1993 is represented 
as t = 0.  
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Table 4.1. Groundwater bulk chemical analytical results for M1, M2, WL7 and WL11. 
Sample 
Time 
(days) 
TDS 
(mg/L) pH 
SC25 
(S) 
Alkalinity 
(mg/L) 
Ca2+ 
(ppm) 
Mg2+ 
(ppm) 
Na+ 
(ppm) 
K+ 
(ppm) 
Total Fe
(ppm) 
Total 
Mn 
(ppm) 
F- 
(ppm) 
Cl-
(ppm) 
NO3- 
(ppm) 
PO43- 
(ppm) 
SO42-
(ppm) 
HCO3- 
(ppm) 
M1 5/3/93 0 300 7.8 384 100 20 5.2 66 1.3 - - 0.38 7.8 3.0 - 9.30 122 
M1 5/17/93 14 280 8.0 402 107 20 6.2 67 2.2 - - 0.38 8.8 3.0 - 95.0 130 
M1 8/17/93 106 280 7.5 390 139 45 17 17 1.3 - 0.51 0.25 8.6 - - 71.0 170 
M1 12/10/93  221 270 7.7 403 124 44 20 15 1.1 - 0.61 0.25 8.2 0.13 - 88.0 151 
M1 9/14/94 499 312 7.6 416 118 46 20 11 1.5 - - 0.23 9 0.09 - 88.0 144 
M1 3/30/95 696 332 7.4 390 115 56 23 12 1.3 0.27 0.78 0.23 13 0.22 - 113 140 
M1 6/28/95 786 390 7.5 477 110 51 23 13 2.0 0.13 0.33 0.21 15 0.63 0.14 130 134 
M1 12/5/95           946 424 7.4 555 108 58 28 14 2.4 - 0.6 0.25 13 0.62 - 168 132 
M1 4/10/96           1072 538 7.1 628 94 55 24 9.6 1.2 0.45 1 0.20 9 0.04 - 192 114 
M1 2/8/98            1741 575 7.3 717 - 89 39 18 2.3 1.3 1.3 - 22 0.8 0.05 285 152 
M1 11/16/98          2022 613 7.0 910 108 108 44 18 3.0 0.10 0.1 0.29 24 2.4 0.03 399 132 
M1 2/23/99           2152 570 7.2 815 361 97 44 18 1.7 0.12 3.0 0.03 31 0.04 0.01 991 361 
M1 11/19/99          2421 540 7.4 789 171 89 41 19 3.4 0.30 - 0.26 59 0.24 0.38 220 208 
M1 5/12/00           2565 640 7.2 708 115 91 36 19 2.2 0.09 1.6 0.23 22 - - 247 140 
M1 1/22/02 3185 635 7.2 750 122 130 25 3.4 3.9 - - 0.70 0.84 1.2 6.2 315 149 
M1 2/28/03 3587 313 7.1 720 105 73 32 15 2.5 - 0.50 0.24 4.9 0.74 0.67 55.8 128 
M1 1/19/04 3912 465 7.3 653 108 77 33 15 2.5 - 0.58 0.16 5.5 0.30 0.86 221 132 
M1 4/2/04 3985 455 7.1 742 112 75 34 15 1.4 0.89 1.2 0.27 18 0.24 1.5 214 136 
M1 5/25/04 4038 490 7.0 649 115 86 33 16 2.0 2.4 1.3 0.13 20 0.43 1.1 214 140 
M1 7/27/04 4101 515 6.9 676 118 70 30 57 3.7 0.51 - 0.18 17 0.67 0.22 230 144 
M1 9/28/04 4164 510 7.0 589 114 75 32 16 2.5 - 0.76 0.34 17 1.2 4.6 206 140 
M2 5/3/93 0 730 7.4 811 64 120 36 11 3.6 - 3.4 0.22 23 1 - 430 78.0 
M2 5/17/93 14 680 7.5 884 68 120 35 17 5.0 - 0.24 0.22 22 1 - 420 83.0 
M2 8/17/93 106 2200 6.7 1900 221 320 84 41 5.1 5.6 3.8 0.10 100 0.1 - 910 270 
M2 12/10/93 221 1700 6.8 1800 137 320 69 42 3.7 9.7 2.6 0.10 8.2 0.13 - 790 167 
M2 9/14/94 499 1026 6.8 1248 143 200 42 28 9.0 - - 0.23 26 0.07 - 506 174 
M2 3/30/95 696 1302 7.0 1404 1 240 63 33 5.6 0.11 - 0.13 36 3.96 - 680 236 
M2 6/28/95 786 1400 6.9 1450 190 240 61 30 5.4 - - 0.10 48 0.42 - 660 232 
M2 12/5/95            946 1304 7.0 1480 167 280 60 36 5.9 - - 0.14 65 0.62 - 672 204 
M2 4/10/96           1072 1523 7.0 1700 144 309 62 37 5.0 - - 0.20 91 0.5 - 677 176 
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Table 4.1. Groundwater bulk chemical analytical results for M1, M2, WL7 and WL11 (continued). 
Sample 
Time 
(days) 
TDS 
(mg/L) pH 
SC25 
(S) 
Alkalinity 
(mg/L) 
Ca2+ 
(ppm) 
Mg2+ 
(ppm) 
Na+ 
(ppm) 
K+ 
(ppm) 
Total Fe
(ppm) 
Total 
Mn 
(ppm) 
F- 
(ppm) 
Cl- 
(ppm) 
NO3- 
(ppm) 
PO43- 
(ppm) 
SO42- 
(ppm) 
HCO3- 
(ppm) 
M2 11/16/98          2022 1070 6.9 1237 156 277 34 13 6.0 0.10 0.10 0.50 20 2.4 0.04 707 190 
M2 2/23/99           2152 1380 7.4 1087 135 228 36 17 4.7 0.10 5.3 0.02 30 1 0.01 258 134 
M2 11/19/99          2421 700 7.6 732 148 172 28 6.9 5.8 - - 0.46 47 1 0.44 394 180 
M2 1/22/02 3185 464 7.5 765 111 74 30 16 2.2 - 0.37 0.22 2.0 3.2 4.3 196 136 
M2 2/28/03 3587 400 7.4 750 108 115 26 3.1 4.0 - - 0.58 1.8 0.92 5.0 71.9 132 
M2 1/19/04 3912 500 7.6 699 164 134 21 2.8 4.2 - - 0.49 7.1 0.61 0.07 219 200 
M2 4/2/04 3985 495 7.7 830 164 120 23 3.3 3.5 - - 0.61 6.4 2.3 0.34 219 200 
M2 5/25/04 4038 590 7.2 765 167 126 17 5.9 3.5 - - 0.25 9.5 0.33 2.8 248 204 
M2 7/27/04 4101 705 6.8 841 174 163 36 10 5.1 - - 0.33 13 0.83 0.87 293 212 
M2 9/28/04 4164 1120 6.6 1245 216 236 60 24 2.8 - - 0.28 37 0.90 0.57 530 264 
WL7 11/10/94 556 536 8.1 564 303 15 3.7 120 3.2 - - 1.2 4 0.03 - 6.00 370 
WL7 4/6/95           703 524 7.8 533 - 15 3.9 110 3.7 0.25 - 1.2 5.2 0.13 - 7.66 370 
WL7 6/28/95 786 170 7.0 251 76 32 6.1 8.2 4.2 0.25 0.10 - 6.9 0.19 - 30.0 93.0 
WL7 12/5/95         946 618 8.1 550 295 16 3.7 122 3.8 - - 1.3 - 0.04 - 8.00 360 
WL7 4/10/96         1072 638 7.9 588 277 16 4 115 2.7 - - 1.0 4 0.12 - - 338 
WL7 1/19/04 3912 565 7.8 679 295 54 10 108 3.9 - - 1.1 13 0.137 54 53.3 360 
WL7 4/2/04 3985 535 8.0 659 292 39 10 96 3.3 - - 1.4 10.6 2.87 2.2 36.9 356 
WL7 5/25/04 4038 935 7.9 620 289 32 8.1 134 3.6 - - 0.46 14.4 0.17 0.22 58.6 352 
WL7 7/27/04 4101 560 7.5 643 305 34 9.4 112 3.9 - - 0.91 12.9 0.18 0.67 48.6 372 
WL7 9/28/04 4164 545 7.8 599 298 36 7.3 118 4.8 - - 1.3 12.4 0.28 0.05 47.7 364 
WL11 6/23/93 51 850 7.4 995 - 160 33 30 3.9 0.08 0.60 0.16 35 - - 340 231 
WL11 11/10/94 556 768 7.4 952 187 150 31 31 3.7 0.73 0.64 0.24 30 0.03 - 320 228 
WL11 4/6/95 703 738 7.2 943 187 43 11 120 6.4 - - 0.25 0.31 0.13 - 319 228 
WL11 6/28/95 786 780 7.4 1060 189 130 27 31 3.9 0.21 0.59 0.20 30 - - 310 230 
WL11 12/5/95       946 702 7.4 930 184 163 30 29 5.1 0.90 - 0.24 32 - - 288 224 
WL11 4/10/96 1072 698 7.4 957 182 133 28 28 3.4 1.07 0.60 0.30 25 0.04 - 305 222 
WL11 1/19/04 3912 650 7.2 944 190 147 28 28 3.7 - - 0.26 36.1 0.47 0.03 273 232 
WL11 4/2/04 3985 665 7.3 973 197 136 28.8 28 5.0 1.0 0.60 0.39 34.3 1.16 4.4 254 240 
WL11 5/25/04 4038 695 7.3 903 194 128 30 28 3.8 1.4 0.53 0.15 33.4 0.279 0.14 267 236 
WL11 7/27/04 4101 855 7.2 964 207 179 23 31 4.0 - - 0.21 34.9 0.23 2.9 338 252 
WL11 9/28/04 4164 680 7.2 851 203 141 27 37 3.7 0.58 - 0.49 35.2 0.237 1.8 293 248 
– Not detected 
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Quality assurance and quality control 
TDS values for each well revealed considerable variability between the individual 
wells and between sampling events.  The highest TDS value (2200 mg/L) was detected in 
M1 and the lowest (170 mg/L) in WL7.  Comparing TDS values for M1 and M2, TDS 
values were high between 8/17/93 to 2/23/99 at M2 and 4/10/96 to 1/22/02 at M1.  The 
duration of higher TDS values measured in M2 and M1 was 2046 and 2113 days 
respectively.  The TDS and SC25 values for WL7 and WL11 were relatively consistent 
excluding the anomalous values collected on 6/28/95 at WL7. 
To determine the precision and accuracy of the data presented in this chapter, the  
data from the five samples collected in 2004 from monitoring wells M1, M2, WL7 and 
WL11 have been evaluated.  Accuracy is the nearness of a result to the true value.  
Precision is the measure of the degree of reproducibility. 
To evaluate the precision of the analyses performed in this study, the ratio of 
measured TDS and SC25 was plotted and standard deviations were compared.  Specific 
Conductivity and TDS should demonstrate similar concentration trends for a given 
sample, and a good correlation should indicate an accurate result.  Figure 4.1 shows the 
correlation between TDS and SC25 for all four wells and Figure 4.2 shows the correlation 
for M1 and M2 only.  Overall, higher SC25 values correlated with higher TDS values at 
M2 and M1.  The ratio of TDS and SC25 compared between all four wells (Figure 4.1) 
shows a poor correlation (r2=0.53). The correlation improves (r2=0.86) when only the 
results of M1 and M2 are compared. 
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Figure 4.1. TDS versus SC25 in groundwater from M1, M2, WL7 and WL11 wells 
collected in 2004. 
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Figure 4.2. TDS versus SC25 in groundwater from M1 and M2 wells collected in 2004. 
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In order to evaluate accuracy of the analyses performed in this study, the ratio of 
calculated TDS versus measured TDS is presented in Figure 4.3.  Calculated TDS was 
determined by summing all the measured major cation and anion concentrations in mg/L 
for each sample.  The measured TDS was determined by evaporating 20 mL of sample 
and weighing the residual and converting it to mg/L.  The calculated TDS presented in 
Appendix A should be the same as the measured TDS presented in Table 4.1.  A marginal 
correlation is observed in Figure 4.3 with a correlation coefficient of 0.79.  The same data 
were plotted in Figure 4.4 excluding sample WL7 5/25/04 that is suspected to be 
erroneous based on elevated TDS results compared to all other samples collected at WL7.  
The data set presented in Figure 4.4 has a correlation coefficient of 0.96 which is close to 
1 indicating accuracy of the analysis performed.  Although the correlation coefficient is 
good, there is a y-intercept offset that is not indicative of a true one-to-one relationship 
that would be expected between the measured and calculated TDS.  The offset is 
attributed to higher calculated TDS values that are indicative of a systematic error most 
likely attributed to a laboratory measurement issue.   
The average pH values for each well were 7.3 for M1 and WL11, 7.1 for M2, and 
7.8 for WL7; indicating neutral pH.  Finally, alkalinity values from WL7 are higher than 
M1, M2 and WL11 suggesting that the water from WL7 may have undergone treatment 
through the residential system prior to sample collection. 
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Figure 4.3. Measured TDS versus  calculated TDS in groundwater from M1, M2, WL7 
and WL11 wells collected in 2004. 
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Figure 4.4. Measured TDS versus calculated TDS in groundwater from M1, M2, WL7 
and WL11 wells collected in 2004 excluding sample WL7 5/25/04. 
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Each concentration (mg/L) of major anion and cation were multiplied by their 
respective equivalence factors to get the equivalence sum (∑) meq/L as presented in the 
laboratory worksheets and QA/QC sheets in Appendix A.  The correlation between ∑ 
major anions and the ∑ major cations is presented in Figure 4.5.  All of the data points in 
Figure 4.5 are plotted close to the one-to-one line and the correlation coefficient is 0.94, 
normally indicating both good precision and accuracy of the sample analysis.   
 
Figure 4.5. Cross plot of total anion charges and cation charges for samples collected at 
M1, M2, WL7 and WL11 wells in 2004. 
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Hydrogeochemical classification 
The groundwater was classified by plotting the major cation and anion species in 
samples collected from M1, M2, WL7 and WL11 on a trilinear diagram (Figures 4.6 
through 5.9).  This evaluation was completed to confirm that the groundwater collected 
from all four wells originates from the same source or aquifer. The groundwater collected 
from M1 was classified as calcium-sulfate and calcium-bicarbonate rich water (Figure 
4.6).  The major anions in groundwater at M1 were a mixture of HCO3- and SO42-.  
Throughout the study history, the classification of groundwater has varied at M1.  The 
concentrations of the major cations changed from a sodium dominant to calcium 
dominant and the anions changed from a bicarbonate type to sulfate type.  The 
groundwater collected from M2 was classified as a calcium-sulfate type and has changed 
little throughout the study (Figure 4.7).  Well WL11 (Figure 4.8) has the same calcium-
sulfate chemical classifications as M1 and M2, (Figure 4.8).  However, it has very little 
variation in chemical composition compared to M1 and M2.  Well WL7 appears to have 
different chemical composition as compared to M1 and M2.  WL7 is classified as a 
sodium and potassium bicarbonate type (Figure 4.9) which is different from the calcium-
sulfate and calcium-bicarbonate classification observed at M1 and M2 suggesting that the 
water from WL7 may have undergone treatment through the residential system prior to 
sample collection. A commonly used water treatment method for the reduction of 
hardness is the use of lime-soda ash.  This involves the addition of slake lime [Ca(OH)2].  
Non-carbonate hardness is in turn reduced by the addition of soda ash (Na2CO3) to form 
insoluble precipitate which is consistent with the classification for WL7.  
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Figure 4.6. Piper diagram of groundwater collected from M1. 
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Figure 4.7. Piper diagram of groundwater collected from M2. 
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Figure 4.8. Piper diagram of groundwater collected from WL11. 
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Figure 4.9. Piper diagram of groundwater collected from WL7.
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Data acceptability  
Wells M1, M2 and WL11 are classified as calcium-sulfate which concurs with 
Wang’s assessment in 1999.  However, the current data collected at WL7 classify the 
groundwater as a sodium and potassium bicarbonate type.  The samples from WL7 were 
collected from inside a private residence and the exact sample collection method could 
not be verified due to the homeowner limiting access during sample collection.  It is 
possible that the sample containers were filled directly from the tap without being 
disconnected from the treatment/purification system.  For this reason the data collected at 
this well were not included in the time series plots or evaluated further in this study.  
Additionally, the data from WL11 were rejected based on the classification observed on 
the Piper diagram (Figure 4.8) and the lack of contemporaneous data due to access issues.  
No data are available for WL11 from 1996 through 2003. Unlike M1 and M2, WL11 
displays no chemical composition variations indicating a potential different groundwater 
source.  Both WL7 and WL11 were drilled as residential drinking water wells and well 
construction information was limited to the ODNR well logs that did not include 
construction diagrams or lithologic logs where geology and well screen information 
could be verified. 
Based on the groundwater classification results, the data collected at WL7 and 
WL11 were rejected and not evaluated further in this study.  Additional justification for 
rejecting data from WL7 and WL11 is that frequency of samples collected were 
incomplete compared to the data collected from M1 and M2. All data collected and 
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evaluated during this investigation is presented in Table 4.1; however, only data from 
wells M1 and M2 are used for in this evaluation.  
Major cations and anions data summary 
Major cation and anion concentrations in groundwater collected from M1and M2, 
are presented in Table 4.1.  The SO42-, HCO3-, Cl- and Ca2+ results were used to evaluate 
the migration of these chemical species through the aquifer over time and distance.  
These species were chosen for the focus of this study because elevated concentrations of 
SO42-, HCO3-, Cl- and Ca2+ are common in media impacted by mining activities as 
demonstrated in Kowalkowski’s 2002 project where these species were found in water 
collected from PZ wells installed in gob piles at the southern site.   
High concentrations of SO42-, HCO3-, Cl- and Ca2+ were detected in M2 on 
8/17/93 at 106 days.  This concentration anomaly is referred to as peak 1 throughout the 
discussion.  High concentrations of SO42- and HCO3- are observed in M1 2/23/99 at day 
2152 and are referred to as peak 2.   
In order to evaluate the attenuation of chemical species, concentration peaks need 
to be identified in up gradient monitoring well M2 at an earlier time than observed in the 
down gradient monitoring well M1.  The results of the trend analysis are discussed in 
Chapter V. 
Trace element summary 
Concentrations of trace elements in TDS from evaporated groundwater collected 
from M1, M2, WL7 and WL11 starting on 12/5/95 (day 946) were analyzed by ICP-MS 
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at SGS, an independent commercial laboratory.  Samples collected prior to 12/5/95 were 
not analyzed for trace elements; therefore, data supporting elevated chemical species 
concentrations observed at M2 on 8/17/93 106 days after the beginning of the 
investigation, associated with peak 1, are not available for the trace element trend 
analysis.  The complete results of the 29 elemental concentrations are located in Table 
B.1 in Appendix B.  Although results from all four wells are presented, only data from 
M1 and M2 will be evaluated further in this study as presented in the data unacceptability 
summary.  
Because data from both concentrations in groundwater and concentrations in TDS 
were compiled and are reported in different units, the data from the ICP-MS analysis had 
to be converted to concentration in groundwater to accurately compare the results (Table 
4.1).  The following equation was used to convert the ICP-MS data from ppm in TDS to 
ppb, and the results of this conversion are presented in Table B.2 in Appendix B.   
 
     
1000
*. ppbppmTDSrgroundwateMeasuredppmICPMSfromSpeciesIndividualofConc 
 
Of the 29 trace element results presented in Appendix B, a trend analysis was 
performed for only As and Cd; therefore, data for these two trace elements converted to 
ppb are summarized in in Table 4.2.  These trace elements were chosen because they 
were observed in high concentrations in the PZ wells that were sampled from gob piles as 
presented in Kowalkowski (2002).  A high concentration of As in groundwater at M1 is 
observed at M1 11/19/99 at 2421 days.  This is the only significant change in 
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concentration of As in M1 throughout the study history.  Varying concentrations of Cd in 
all four wells are observed.   
54 
Table 4.2. Trace element concentrations in groundwater samples. 
Sample 
Time 
(days) 
TDS 
(ppm) 
As 
(ppb) 
Cd 
(ppb) 
MI 5/3/93 0 300 ** ** 
M1 5/17/93 14 280 ** ** 
M1 8/17/93 106 280 ** ** 
M1 12/10/93           221 270 ** ** 
M1 9/14/94 499 312 ** ** 
M1 3/30/95 696 332 ** ** 
M1 6/28/95 786 390 ** ** 
M1 12/5/95           946 424 0.68 0.82 
M1 4/10/96           1072 538 0.27 0.62 
M1 2/8/98            1741 575 0.06 0.09 
M1 11/16/98          2022 613 1.23 0.09 
M1 2/23/99           2152 570 0.29 0.12 
M1 11/19/99          2421 540 8.69 0.06 
M1 5/12/00           2565 640 0.06 0.02 
M1 1/22/02 3185 635 0.70 0.10 
M1 2/28/03 3587 313 0.22 0.06 
M1 1/19/04 3912 465 0.23 0.03 
M1 4/2/04 3985 455 0.55 0.23 
M1 5/25/04 4038 490 0.20 0.06 
M1 7/27/04 4101 515 0.36 0.13 
M1 9/28/04 4164 510 ** ** 
M2 5/3/93 0 730 ** ** 
M2 5/17/93 14 680 ** ** 
M2 8/17/93 106 2200 ** ** 
M2 12/10/93 221 1700 ** ** 
M2 9/14/94 499 1026 ** ** 
M2 3/30/95 696 1302 ** ** 
M2 6/28/95 786 1400 ** ** 
M2 12/5/95            946 1304 - 0.10 
M2 4/10/96           1072 1523 - 0.75 
M2 11/16/98          2022 1070 - 0.15 
M2 2/23/99           2152 1380 - 0.59 
M2 11/19/99          2421 700 - 0.08 
M2 1/22/02 3185 464 - 0.04 
M2 2/28/03 3587 400 0.24 0.01 
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Table 4.2. Trace element concentrations in groundwater samples (continued). 
Sample 
Time 
(days) 
TDS 
(ppm) 
As 
(ppb) 
Cd 
(ppb) 
M2 1/19/04 3912 500 0.45 0.04 
M2 4/2/04 3985 495 0.20 1.49 
M2 5/25/04 4038 590 0.41 0.03 
M2 7/27/04 4101 705 0.14 0.45 
M2 9/28/04 4164 1120 ** ** 
WL7 11/10/94 556 536 ** ** 
WL7 4/6/95           703 524 - 0.08 
WL7 6/28/95 786 170 ** ** 
WL7 12/5/95          946 618 - 0.07 
WL7 4/10/96          1072 638 - 0.03 
WL7 1/19/04 3912 565 - 0.08 
WL7 4/2/04 3985 535 - 0.24 
WL7 5/25/04 4038 935 -  
WL7 7/27/04 4101 560 - 0.16 
WL7 9/28/04 4164 545 ** ** 
WL11 6/23/93 51 850 ** ** 
WL11 11/10/94 556 768 ** ** 
WL11 4/6/95 703 738 ** ** 
WL11 6/28/95 786 780 ** ** 
WL11 12/5/95         946 702 0.21 0.02 
WL11 4/10/96 1072 698 ** ** 
WL11 1/19/04 3912 650 0.39 0.12 
WL11 4/2/04 3985 665 0.27 - 
WL11 5/25/04 4038 695 0.49 - 
WL11 7/27/04 4101 855 - - 
WL11 9/28/04 4164 680 ** ** 
– Not detected- See Appendix B for detection limits 
**Not analyzed 
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CHAPTER V  
DISCUSSION 
This section discusses the results of the time series plots generated using data 
from M1 and M2 to illustrate the migration of SO42-, HCO3-, Cl-, and Ca2+ and trace 
elements As and Cd commonly associated with mining activities Kowalkowski (2002) in 
the middle aquifer.  Concentration anomalies, or peaks, are identified on each time series 
plot and evaluated to determine if attenuation has occurred.  
Characterization of source areas 
The exact composition of the leachate generated from the historic holding ponds 
and gob piles at the northern site is unknown.  However, the data collected from the PZ 
wells installed at the southern site should represent a close approximation, since the 
geology at both sites is the same and the mining activities were similar.  Table 5.1 
presents the average concentration of select chemical species detected in leachate 
collected at PZ1, PZ2 and PZ3 and the maximum concentrations detected in groundwater 
sampled from M2 and M1.  Overall the average concentrations from the PZ wells are 
similar to the concentrations observed in M1 and M2 with the exception of C1-. 
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Table 5.1 Average leachate concentration from PZ1, PZ2 and PZ3 well samples and the 
maximum concentration peaks detected in M2 and M1. 
Chemical species 
Average leachate 
concentration PZ 
wells (ppm) 
Maximum 
concentration peak 
M2 (ppm) 
Maximum 
concentration peak 
M1 (ppm) 
SO42- 732 910 991 
HCO3- 283 270 361 
Cl- 7 100 59 
Ca2+ 244 320 130 
 
M2 is located downgradient of the northern site and M1 is located downgradient 
of the southern site.  Concentration anomalies observed in M2, or closer to the source, 
should have a higher concentrations than those observed in downgradient wells.  
Comparing the maximum concentration peaks from M1 and M2 in Table 5.1, the 
concentration of SO42- and HCO3- are greater at the wells further down gradient, and Cl- 
and Ca2+ concentrations decrease down gradient.  The increased SO42- concentration 
anomaly observed at M1 could be attributed to additional contributions of SO42- as the 
groundwater passes through the secondary source area created by the monofill 
construction activities at the southern site.  Increased concentration of HCO3- (361 ppm) 
at MI could be due to lower pH that is attributed to the additional infiltration of acidic 
leachate from the secondary source just up gradient of M1 where the aquifer is 
unconfined as a result of the mining activities that removed the confining units.  The low 
average concentration of Cl- in the leachate samples could indicate that the Cl- observed 
at M1 and M2 have a source other than leachate from the historic mining activities.  
Similar to Cl-, concentrations of Ca2+ decrease down gradient; however, Ca2+ is present in 
the leachate samples collected at the PZ wells. 
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Migration of cations and anions in the aquifer 
Time series plots for SO42-, HCO3-, Cl-, and Ca2+ were generated using data from 
M1 and M2 to illustrate the migration of concentration anomalies to determine if 
attenuation has occurred.  
Sulfate 
A time series plot illustrating the concentration of SO42- at M1 and M2 through 
time is presented in Figure 5.1.  The first concentration anomaly, noted as peak 1, is 
observed in M2 at 106 days (8/17/1993).  This sample was collected during the 
remediation of the northern site conducted in July 1989 through March 1994 (Table 1.1).  
The second possible appearance of the concentration anomaly, noted as peak 2, is 
observed in the down gradient well M1 at day 2152.  Based on the down gradient 
movement of this concentration anomaly, a migration time for SO42- can be calculated as 
2046 days (approximately 2000 days).  The distance between M1 and M2 is 
approximately 2400 ft or 732 m. Therefore, a migration rate for SO42- in the middle 
aquifer can be calculated as 0.37 m/day.  
Peak 2 has a slightly higher concentration than peak 1 which is not indicative of 
attenuation.  If attenuation were observed, the down gradient concentration would be 
lower than the initial concentration closer to the source. Based on the data from the PZ 
wells collected at the southern site (Table 5.1), SO42- was detected at higher 
concentrations in leachate samples and is expected to impact the aquifer in this area. The 
anomalous peak is increasing in concentration as it migrates down gradient and passes 
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through a secondary source that introduces additional chemical species to the aquifer 
masking any attenuation that could have occurred between M2 and M1.  
 
 
Figure 5.1. Time series plot of SO42- for M1 and M2. 
 
Bicarbonate 
A time series plot illustrating the concentration of HCO3- at M1 and M2 through 
time is presented in Figure 5.2.  The first concentration anomaly, noted at peak 1, is 
observed in M2 at 106 days during the northern site remediation activities, and the 
second potential appearance of the concentration anomaly, noted as peak 2, is observed in 
the down gradient well M1 at day 2152.  Similar to SO42-, the migration time for HCO3- 
is approximately 2000 days.  Therefore, a migration rate for HCO3- in the middle aquifer 
can be calculated as 0.37 m/day. 
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Figure 5.2. Time series plot of HCO3 for M1 and M2.  
 
The concentration variations of HCO3- are controlled by fluctuations in pH.  As 
pH decreases, the availability of H+ increases causing HCO3- to be stable instead of 
disassociating (Drever, 1988).  This results in higher concentrations of HCO3- in 
groundwater, and the inverse is also true.  Although the highest concentration for 
dissolved HCO3- occur between pH 6 and 9 (Drever, 1988), the total concentration of 
HCO3- fluctuates within these varying pHs.  Figure 5.3 presents the pH results for M1 
and M2.  The overall values of pH range from 6.4 to 8.  Although the range is within a 
neutral classification, these changes could be enough to affect HCO3- stability, hence 
effecting the overall concentration.  The closer an increasing pH gets to 8 and beyond, the 
total concentration of HCO3- begins to decrease.  Similarly, the closer a decreasing pH 
gets to 6 the concentration of HCO3- begins to decrease.  
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Figure 5.3. Time series plot of pH variations for M1 and M2. 
 
Similar to SO42- , the second HCO3- peak has a higher concentration than the 
initial peak 1.  The anomalous peak is increasing in concentration as it migrates down 
gradient and passes through a secondary source that introduces additional chemical 
species to the aquifer masking any attenuation that could have occurred between M2 and 
M1. 
Chloride 
A time series plot showing the concentration of Cl- at M1 and M2 through time is 
presented in Figure 5.4.  The first concentration anomaly, peak 1, is observed in M2 at 
106 days, similar to SO42- and HCO3- initial peaks.  The second potential appearance of 
the concentration anomaly, noted as peak 2, is observed in the down gradient well M1 at 
day 2421.  Based on the down gradient movement of this concentration anomaly, a 
migration time for Cl- can be calculated as 2315 days (approximately 2300 days). The 
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distance between M1 and M2 is approximately 2400 ft or 732 m. Therefore, a migration 
rate for Cl- in the middle aquifer can be calculated as 0.32 m/day. 
 
Figure 5.4. Time series plot of Cl- for M1 and M2. 
 
The Cl- concentration anomalies observed at M2 display a phenomenon that was 
not observed with the SO42- and HCO3- concentration anomalies.  There are two 
additional Cl- peaks observed at M2 at approximately 1100 and 2100 days that are not 
observed with the SO42- and HCO3 plots or down gradient in M1.  Based on these 
additional peaks and the fact that Cl- was not significantly detected in the PZ well 
leachate samples, there appears to be another factor affecting the Cl- concentration 
variations occurring in M2 that are not related to the historic mining activities at the 
northern site.  These multiple concentration peaks could be correlated to the use of road 
salts at the nearby U.S. 30.   
As the road salt begins to disassociate, Cl- is released into the aquifer.  Since M2 
is located 20 m from the road, it is likely to be influenced by the use of road salts.  Well 
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M1 is not expected to be influenced by road run-off because it is approximately 500 m 
from the road.  Since this multi-peak phenomenon is not seen in M1, the claim is further 
supported that these peaks are from some sort of well specific phenomena only affecting 
Cl-.   
Unlike SO42- and HCO3 peaks, the Cl- peaks are decreasing in concentration as 
they migrate down gradient. This decrease in concentration could be attributed to 
attenuation since this species has a single point source near M2.  Whereas, the SO42- and 
HCO3 peaks are increasing in concentration as they migrate down gradient and pass 
through a secondary continuing source that introduces additional chemical species to the 
aquifer masking any attenuation that could have occurred between M2 and M1.    
Calcium 
A time series plot illustrating the concentration of Ca2+ at M1 and M2 is presented 
in Figure 5.5.  The first concentration anomaly, noted as peak 1, is observed in M2 at 106 
days.  The second potential appearance of the concentration anomaly, noted as peak 2, is 
observed in the down gradient well M1 in 3185 days.  Based on the down gradient 
movement of this concentration anomaly, a migration time for Ca2+ can be calculated as 
3079 days (approximately 3100 days).  The distance between M1 and M2 is 
approximately 2400 ft or 732 m. Therefore, a migration rate for Ca2+ in the middle 
aquifer can be calculated as 0.24 m/day. 
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Figure 5.5. Time series plot of Ca 2+ for M1 and M2. 
 
The slight peak 2 observed at M1 has a much lower magnitude compared to the 
second peaks observed for SO42- and HCO3-.  Also, there is a plateau in the concentration 
of Ca2+ observed at M2 from approximately day 800 to 2000 that is not observed in the 
other chemical species evaluated for M2.  This plateau is believed to be a result of the 
introduced limestone aggregate at the wetland installed at the northern site during 
reclamation (Figure 1.4).  The limestone aggregate was introduced to help neutralize the 
acid mine drainage from the historic mining and coal washing at the northern site.  The 
effect of the leaching is only observed in M2 due to the close proximity of the northern 
site.  The plateau in the Ca2+ concentration is most likely the cause of the slight 
magnitude of peak 2. The relatively steady concentration of Ca2+ is observed in M2 for 
the first 2000 days, and the same trend is observed in M1.  It appears that the limestone 
leaching has reached equilibrium around 2500 days which is represented in the graph by 
the decrease in the once semi-stable concentration.   
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The concentration trend for Ca2+ in both wells is similar. This is due the 
continuing source created by the continuing leaching of limestone from the constructed 
wetland. Similar to Cl- there is a decrease in concentration magnitude between the peaks 
observed at both wells.  This could be due to attenuation as the groundwater moves 
further away from the single limestone continuing source.     
Trace element migration analysis 
Time series plots for As and Cd were generated using data from M1 and M2 to 
illustrate the migration of concentration anomalies to determine if attenuation has 
occurred.  
Arsenic  
The trace element analysis was only performed on samples collected on and after 
December 5, 1995.  Therefore, no trace element data are available prior to day 946.  
Although the sample collected on day 106 was not analyzed for trace elements, it is 
assumed that the trace elements would also have had elevated concentrations similar to 
the major cations and anions, as previously discussed.  Based on this assumption, peak 1 
was added to the time series plot for As and is indicated by the dashed line illustrated on 
Figure 5.6.  The second appearance of the concentration assumed anomaly, peak 2, is 
observed at the down gradient well in 2421 days.  Assuming peak 1 existed on day 106 
and moved down gradient to peak 2 on day 2421, a migration time for As can be 
calculated as 2315 days (approximately 2300 days).  The distance between M1 and M2 is 
approximately 2400 ft or 732 m. Therefore, a migration rate for As in the middle aquifer 
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can be calculated as 0.32 m/day.  However, with the absence of actual data for peak 1, no 
conclusion can be made with regards to the attenuation of As. 
 
 
Figure 5.6. Time series plot of As for M1 and M2. 
Cadmium 
A time series plot illustrating the concentration of Cd at M1 and M2 through time 
is presented in Figure 5.7.  The first concentration anomaly, noted as peak 1, is observed 
in M2 at 1072 days.  This peak is not associated with the reclamation activities at the 
northern site; rather, it was selected from the elevated concentration observed in the data.  
The second appearance of the concentration anomaly, noted as peak 2, is observed in the 
down gradient well M1 at day 3985.  Based on the down gradient movement of this 
concentration anomaly, a migration time for Cd can be calculated as 2913 days 
(approximately 2900 days).  The distance between M1 and M2 is approximately 2400 ft 
or 732 m. Therefore, a migration rate for Cd in the middle aquifer can be calculated as 
0.25 m/day. 
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Figure 5.7. Time series plot of Cd2+  for M1 and M2. 
Migration of concentration anomalies 
A summary table showing the migration time of the chemical species estimated 
from the down gradient migration of the observed anomalous peaks identified on the time 
series plots is presented in Table 5.2.   
 
Table 5.2. Estimated migration speed of chemical species. 
Chemical 
species 
Estimated migration 
time (days) 
Estimated migration 
rates (m/days) 
SO42- 2000 0.37 
HCO3- 2000 0.37 
Cl- 2300 0.32 
As 2300 0.32 
Cd2+ 2900 0.25 
Ca2+ 3100 0.24 
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The migration rates for SO42- and HCO3- were the fastest at 0.37 m/days.  The 
migration rate for As and Cl- is slightly slower at 0.32 m/days, and Cd was calculated to 
migrate at 0.25 m/days.  Finally, Ca2+ is the slowest moving species at 0.24 m/day.  
These rates were derived by dividing 732 m, the distance between M1 and M2, by 
the migration time, days between the observation of peak 1 at M1 and peak 2 at M2.  
Based on this calculation, the chemical species anomalies migrated from M2 to M1 at an 
estimated rate of between 0.24 m/day to 0.37 m/day.  Based on the variable lithology of 
the middle aquifer, Lin used a hydraulic conductivity of 0.61 m/day for confined portions 
of the aquifer and 6.1 m/day for unconfined portions for his groundwater flow model 
(Lin, 1995).  He also determined the porosity to be 20% for the middle aquifer.  
Therefore, migration rates for middle aquifer should be between 3.1 m/day and 30.5 
m/day.  
Based on the estimated migration rates determined in this study, the chemical 
species introduced at the northern site should have passed through the monofill site in 
1999 and reached M1 in 2004.  Comparing these results to the values used in Lin’s study, 
the migration rates of chemical species are much slower and could be attributed to 
attenuation.  
69 
CHAPTER VI  
SUMMARY 
The varying migration rates of the individual chemical species demonstrate 
attenuation of the initial aqueous mixture as it migrates through the aquifer.  The 
attenuation of a chemical species is controlled by naturally occurring physical, chemical 
and biological processes.  The interaction between the aquifer and the migrating chemical 
species in groundwater controls the speed and concentration at which the chemical 
species will travel and be observed in the monitoring wells.  This study focuses primarily 
on the physical processes that impact the attenuation for the middle aquifer within the 
study area.  
The chemical species SO42- and HCO3- move most quickly through the aquifer.  
The concentration anomalies for SO42- and HCO3- from M2 to M1 increases as the 
species migrate, as presented in Figures 5.1 and 5.2.  The increase in magnitudes of the 
second down gradient peaks are attributed to the additional SO42- and HCO3- introduced 
to the middle aquifer from the historic mining activities at the southern site.  The two 
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sources of these species are believed to be from infiltration of the leachate from the 
historic ponds at the northern and southern sites prior to and during the remediation 
activities.  After remediation was complete and the limestone aggregate was installed at 
the constructed wetland, the introduction of these species at high concentrations near M2 
ceased, as observed in the decreased concentrations in M2 from samples collected post 
remediation. The second source of these species is believed to be infiltration from the 
leachate ponds and mine spoil piles at the southern site prior to the construction of the 
monofill.  Therefore, the use of the SO42- and HCO3- data to establish attenuation is not 
ideal and should be considered with some uncertainty.  
The opposite phenomenon is observed with the Cl- and Ca2+ anomalies, which 
migrate at slower rates compared to the other chemical species in this study, as presented 
in Table 5.2.  The multiple peaks of Cl- concentrations observed in M2 are contributed to 
the infiltration of road salts.  Unlike SO42- and HCO3- peaks, the Cl- peaks are decreasing 
in concentration as they migrate down gradient away from the source. This decrease in 
concentration could be attributed to attenuation since this species has a single source near 
M2.  Conversely, the SO42- and HCO3- peaks are increasing in concentration as they 
migrate down gradient and pass through a secondary source that introduces additional 
chemical species to the aquifer, masking any attenuation that could have occurred 
between M2 and M1.  
A similar observation is made for Ca2+.  Although chemical reactions are likely 
impacting the migration rate and concentration of Ca2+, the continuing source of the Ca2+ 
from the constructed wetland is most likely impacting the initial concentration peaks by 
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creating a plateau from the constant continuing influx of Ca2+ from the leaching 
limestone.  When continuing sources infiltrate the aquifer, the peaks do not separate as 
presented in Figure 5.5.  Both Cl- and Ca2+  have decreasing concentrations observed in 
down gradient wells from their respective individual source areas, therefore, the use of 
the Cl- and Ca2+ data can be used to establish attenuation.  
Trace element data were inconclusive because data prior to 1995 for As and Cd is 
not available, the initial concentration of these trace elements was extrapolated and not 
proven with actual data.  Therefore, the use of the As and Cd data to establish attenuation 
is not ideal and should be considered with some uncertainty.  
Futures studies should use additional data points or wells along the flow path 
where concentration fluctuations between the source areas can be more accurately 
monitored.  This could include the collection of triplicate samples that would allow the 
creation of error bars to validate the data. To determine attenuation, a single source is 
ideal for establishing an initial concentration. This study had two sources which posed 
some difficulty when separating contributing species from respective sources for those 
species that had more than one source area.  For chemical species with one source area, 
attenuation was observed by the decreased concentration in the down gradient well. 
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APPENDIX A  
WELL CONSTRUCTION LOGS, PROCEDURES FOR LEACHATE ANALYSIS FOR 
STAR COUNTY MONOFILLS- CHYI METHOD, AND LABORATORY AND 
QA/QC WORKSHEETS 
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Well construction logs 
77 
78 
79 
80 
 
81 
82 
83 
84 
85 
86 
87 
Procedures for leachate analysis for Stark County monofills- Chyi method 
 
88 
89 
90 
91 
92 
93 
94 
95 
96 
Laboratory and QA/QC worksheets 
 
Sample ID 
WL7 1/19/04     
Standard Determinations   
Cations (mg/L) 
Equivalence 
Factor 
Equivalence 
Sum 
  Ca2+ 54.0 0.0499 2.6946
  Mg2+ 10.0 0.08226 0.8226
  Na+ 108.0 0.04352 4.70016
  K+ 3.9 0.02557 0.099723
  Total Fe 0.1 0.03581 0.003581
  Total Mn 0.1 0.0364 0.00364
Cation Sum 8.324304
Anions   
  F- 1.1 0.05264 0.0557984
  Cl- 13.0 0.028221 0.366873
  NO3- 0.1 0.01613 0.00220981
  PO43- 53.3 0.03159 1.683747
  SO42- 53.3 0.02082 1.109706
  HCO3- 360.0 0.01639 5.9004
  CO32- 0.03333   
Anion Sum 9.11873421
Deviation Sum 1.095435031
Calculated TDS 656.9   
Total Dissolved Solids 
(TDS) 565   
TDS Deviation 1.16265   
Conductivity SC25 (us)   679     
  
97 
Sample ID WL7 4/02/04     
Standard Determinations   
Cations (mg/L) 
Equivalence 
Factor 
Equivalence 
Sum 
  Ca2+ 39 0.0499 1.9461
  Mg2+ 10 0.08226 0.8226
  Na+ 96 0.04352 4.17792
  K+ 3.25 0.02557 0.0831025
  Total Fe 0.5 0.03581 0.017905
  Total Mn 0.5 0.0364 0.0182
Cation Sum 7.0658275
Anions   
  F- 1.35 0.05264 0.071064
  Cl- 10.6 0.028221 0.2991426
  NO3- 2.87 0.01613 0.0462931
  PO43- 2.18 0.03159 0.0688662
  SO42- 36.9 0.02082 0.768258
  HCO3- 356 0.01639 5.83484
  CO32- 0.03333   
Anion Sum 7.0884639
Deviation Sum 1.003203645
Calculated TDS 559.15   
Total Dissolved Solids 
(TDS) 535   
TDS Deviation 1.04514   
Conductivity SC25 (us)   659     
  
98 
Sample ID WL7 5/25/04     
Standard Determinations   
Cations (mg/L) 
Equivalence 
Factor   
  Ca2+ 31.6 0.0499 1.57684
  Mg2+ 8.1 0.08226 0.666306
  Na+ 134 0.04352 5.83168
  K+ 3.6 0.02557 0.092052
  Total Fe 0.5 0.03581 0.017905
  Total Mn 0.5 0.0364 0.0182
Cation Sum 8.202983
Anions   
  F- 0.456 0.05264 0.02400384
  Cl- 14.4 0.028221 0.4063824
  NO3- 0.173 0.01613 0.00279049
  PO43- 0.224 0.03159 0.00707616
  SO42- 58.6 0.02082 1.220052
  HCO3- 352 0.01639 5.76928
  CO32- 0.03333   
Anion Sum 7.42958489
Deviation Sum 0.905717455
Calculated TDS 604.153   
Total Dissolved Solids 
(TDS) 865   
TDS Deviation 0.698443   
Conductivity SC25 (us)   620     
  
99 
Sample ID M2 1/19/04      
Standard Determinations   
Cations (mg/L) 
Equivalence 
Factor   
  Ca2+ 134 0.0499 6.6866
  Mg2+ 21 0.08226 1.72746
  Na+ 2.8 0.04352 0.121856
  K+ 4.2 0.02557 0.107394
  Total Fe 0.5 0.03581 0.017905
  Total Mn 0.5 0.0364 0.0182
Cation Sum 8.679415
Anions   
  F- 0.485 0.05264 0.0255304
  Cl- 7.13 0.028221 0.20121573
  NO3- 0.609 0.01613 0.00982317
  PO43- 0.073 0.03159 0.00230607
  SO42- 219 0.02082 4.55958
  HCO3- 200 0.01639 3.278
  CO32- 0.03333   
Anion Sum 8.07645537
Deviation Sum 0.930529923
Calculated TDS 590.297   
Total Dissolved Solids 
(TDS) 500   
TDS Deviation 1.180594   
Conductivity SC25 (us)   699     
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Sample ID M2 4/02/04      
Standard Determinations   
Cations (mg/L) 
Equivalence 
Factor   
  Ca2+ 120 0.0499 5.988
  Mg2+ 23.1 0.08226 1.900206
  Na+ 3.25 0.04352 0.14144
  K+ 3.53 0.02557 0.0902621
  Total Fe 0.5 0.03581 0.017905
  Total Mn 0.5 0.0364 0.0182
Cation Sum 8.1560131
Anions   
  F- 0.606 0.05264 0.03189984
  Cl- 6.35 0.028221 0.17920335
  NO3- 2.3 0.01613 0.037099
  PO43- 0.339 0.03159 0.01070901
  SO42- 219 0.02082 4.55958
  HCO3- 200 0.01639 3.278
  CO32- 0.03333   
Anion Sum 8.0964912
Deviation Sum 0.992702084
Calculated TDS 579.475   
Total Dissolved Solids 
(TDS) 495   
TDS Deviation 1.170657   
Conductivity SC25 (us)   830     
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Sample ID M2 5/25/04      
Standard Determinations   
Cations (mg/L) 
Equivalence 
Factor   
  Ca2+ 126 0.0499 6.2874
  Mg2+ 17 0.08226 1.39842
  Na+ 5.9 0.04352 0.256768
  K+ 3.53 0.02557 0.0902621
  Total Fe 0.5 0.03581 0.017905
  Total Mn 0.5 0.0364 0.0182
Cation Sum 8.0689551
Anions   
  F- 0.248 0.05264 0.01305472
  Cl- 9.45 0.028221 0.26668845
  NO3- 0.329 0.01613 0.00530677
  PO43- 2.84 0.03159 0.0897156
  SO42- 248 0.02082 5.16336
  HCO3- 204 0.01639 3.34356
  CO32- 0.03333   
Anion Sum 8.88168554
Deviation Sum 1.100723133
Calculated TDS 618.297   
Total Dissolved Solids 
(TDS) 590   
TDS Deviation 1.047961   
Conductivity SC25 (us)   765     
  
102 
Sample ID M1 1/19/04      
Standard Determinations   
Cations (mg/L) 
Equivalence 
Factor   
  Ca2+ 77 0.0499 3.8423
  Mg2+ 33 0.08226 2.71458
  Na+ 15.4 0.04352 0.670208
  K+ 2.5 0.02557 0.063925
  Total Fe 0.5 0.03581 0.017905
  Total Mn 0.5 0.0364 0.0182
Cation Sum 7.327118
Anions   
  F- 0.157 0.05264 0.00826448
  Cl- 5.45 0.028221 0.15380445
  NO3- 0.295 0.01613 0.00475835
  PO43- 0.86 0.03159 0.0271674
  SO42- 221 0.02082 4.60122
  HCO3- 132 0.01639 2.16348
  CO32- 0.03333   
Anion Sum 6.95869468
Deviation Sum 0.94971784
Calculated TDS 488.662   
Total Dissolved Solids 
(TDS) 465   
TDS Deviation 1.050886   
Conductivity SC25 (us)   653     
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Sample ID M1 4/02/04      
Standard Determinations   
Cations (mg/L) 
Equivalence 
Factor   
  Ca2+ 75 0.0499 3.7425
  Mg2+ 34.4 0.08226 2.829744
  Na+ 15 0.04352 0.6528
  K+ 1.37 0.02557 0.0350309
  Total Fe 0.89 0.03581 0.0318709
  Total Mn 1.18 0.0364 0.042952
Cation Sum 7.3348978
Anions   
  F- 0.265 0.05264 0.0139496
  Cl- 18.1 0.028221 0.5108001
  NO3- 0.237 0.01613 0.00382281
  PO43- 1.45 0.03159 0.0458055
  SO42- 214 0.02082 4.45548
  HCO3- 136 0.01639 2.22904
  CO32- 0.03333   
Anion Sum 7.25889801
Deviation Sum 0.989638603
Calculated TDS 497.892   
Total Dissolved Solids 
(TDS) 455   
TDS Deviation 1.094268   
Conductivity SC25 (us)   742     
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Sample ID M1 5/25/04      
Standard Determinations   
Cations (mg/L) 
Equivalence 
Factor   
  Ca2+ 85.6 0.0499 4.27144
  Mg2+ 33.1 0.08226 2.722806
  Na+ 15.9 0.04352 0.691968
  K+ 2 0.02557 0.05114
  Total Fe 2.4 0.03581 0.085944
  Total Mn 1.26 0.0364 0.045864
Cation Sum 7.869162
Anions   
  F- 0.133 0.05264 0.00700112
  Cl- 19.5 0.028221 0.5503095
  NO3- 0.429 0.01613 0.00691977
  PO43- 1.12 0.03159 0.0353808
  SO42- 214 0.02082 4.45548
  HCO3- 140 0.01639 2.2946
  CO32- 0.03333   
Anion Sum 7.34969119
Deviation Sum 0.933986515
Calculated TDS 515.442   
Total Dissolved Solids 
(TDS) 490   
TDS Deviation 1.051922   
Conductivity SC25 (us)   649     
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Sample ID WL11 1/19/04     
Standard Determinations   
Cations (mg/L) 
Equivalence 
Factor   
  Ca2+ 147 0.0499 7.3353
  Mg2+ 28 0.08226 2.30328
  Na+ 28 0.04352 1.21856
  K+ 3.7 0.02557 0.094609
  Total Fe 0.5 0.03581 0.017905
  Total Mn 0.5 0.0364 0.0182
Cation Sum 10.987854
Anions   
  F- 0.263 0.05264 0.01384432
  Cl- 36.1 0.028221 1.0187781
  NO3- 0.466 0.01613 0.00751658
  PO43- 0.027 0.03159 0.00085293
  SO42- 273 0.02082 5.68386
  HCO3- 232 0.01639 3.80248
  CO32- 0.03333   
Anion Sum 10.52733193
Deviation Sum 0.958088079
Calculated TDS 749.556   
Total Dissolved Solids 
(TDS) 650   
TDS Deviation 1.153163   
Conductivity SC25 (us)   944     
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Sample ID WL11 4/11/04     
Standard Determinations   
Cations (mg/L) 
Equivalence 
Factor   
  Ca2+ 136 0.0499 6.7864
  Mg2+ 28.8 0.08226 2.369088
  Na+ 28.3 0.04352 1.231616
  K+ 5 0.02557 0.12785
  Total Fe 1 0.03581 0.03581
  Total Mn 0.6 0.0364 0.02184
Cation Sum 10.572604
Anions   
  F- 0.386 0.05264 0.02031904
  Cl- 34.3 0.028221 0.9679803
  NO3- 1.16 0.01613 0.0187108
  PO43- 4.42 0.03159 0.1396278
  SO42- 254 0.02082 5.28828
  HCO3- 240 0.01639 3.9336
  CO32- 0.03333   
Anion Sum 10.36851794
Deviation Sum 0.980696708
Calculated TDS 733.966   
Total Dissolved Solids 
(TDS) 665   
TDS Deviation 1.103708   
Conductivity SC25 (us)   973     
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Sample ID WL11 5/25/04     
Standard Determinations   
Cations (mg/L) 
Equivalence 
Factor   
  Ca2+ 128 0.0499 6.3872
  Mg2+ 29.6 0.08226 2.434896
  Na+ 28 0.04352 1.21856
  K+ 3.8 0.02557 0.097166
  Total Fe 1.44 0.03581 0.0515664
  Total Mn 0.53 0.0364 0.019292
Cation Sum 10.2086804
Anions   
  F- 0.147 0.05264 0.00773808
  Cl- 33.4 0.028221 0.9425814
  NO3- 0.279 0.01613 0.00450027
  PO43- 0.143 0.03159 0.00451737
  SO42- 267 0.02082 5.55894
  HCO3- 236 0.01639 3.86804
  CO32- 0.03333   
Anion Sum 10.38631712
Deviation Sum 1.017400556
Calculated TDS 728.339   
Total Dissolved Solids 
(TDS) 695   
TDS Deviation 1.04797   
Conductivity SC25 (us)   903     
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Sample ID M1 7/27/04      
Standard Determinations   
Cations (mg/L) 
Equivalence 
Factor   
  Ca2+ 70 0.0499 3.493
  Mg2+ 29.7 0.08226 2.443122
  Na+ 57 0.04352 2.48064
  K+ 3.7 0.02557 0.094609
  Total Fe 0.51 0.03581 0.0182631
  Total Mn 0.5 0.0364 0.0182
Cation Sum 8.5478341
Anions   
  F- 0.175 0.05264 0.009212
  Cl- 17 0.028221 0.479757
  NO3- 0.67 0.01613 0.0108071
  PO43- 0.224 0.03159 0.00707616
  SO42- 229.8 0.02082 4.784436
  HCO3- 144 0.01639 2.36016
  CO32- 0.03333   
Anion Sum 7.65144826
Deviation Sum   
Calculated TDS 553.279   
Total Dissolved Solids 
(TDS) 515   
TDS Deviation 1.074328   
Conductivity SC25 (us)   676     
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Sample ID M2 7/27/04      
Standard Determinations   
Cations (mg/L) 
Equivalence 
Factor   
  Ca2+ 163 0.0499 8.1337
  Mg2+ 36.4 0.08226 2.994264
  Na+ 10 0.04352 0.4352
  K+ 5.1 0.02557 0.130407
  Total Fe 0.5 0.03581 0.017905
  Total Mn 0.5 0.0364 0.0182
Cation Sum 11.729676
Anions   
  F- 0.327 0.05264 0.01721328
  Cl- 12.9 0.028221 0.3640509
  NO3- 0.827 0.01613 0.01333951
  PO43- 0.871 0.03159 0.02751489
  SO42- 292.5 0.02082 6.08985
  HCO3- 212 0.01639 3.47468
  CO32- 0.03333   
Anion Sum 9.98664858
Deviation Sum   
Calculated TDS 734.925   
Total Dissolved Solids 
(TDS) 705   
TDS Deviation 1.042447   
Conductivity SC25 (us)   841     
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Sample ID WL7 7/27/04     
Standard Determinations   
Cations (mg/L) 
Equivalence 
Factor   
  Ca2+ 34 0.0499 1.6966
  Mg2+ 9.4 0.08226 0.773244
  Na+ 112 0.04352 4.87424
  K+ 3.9 0.02557 0.099723
  Total Fe 0.5 0.03581 0.017905
  Total Mn 0.5 0.0364 0.0182
Cation Sum 7.479912
Anions   
  F- 0.912 0.05264 0.04800768
  Cl- 12.9 0.028221 0.3640509
  NO3- 0.18 0.01613 0.0029034
  PO43- 0.686 0.03159 0.02167074
  SO42- 48.6 0.02082 1.011852
  HCO3- 372 0.01639 6.09708
  CO32- 0.03333   
Anion Sum 7.54556472
Deviation Sum   
Calculated TDS 595.578   
Total Dissolved Solids 
(TDS) 560   
TDS Deviation 1.063532   
Conductivity SC25 (us)   643     
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Sample ID WL11 7/27/04     
Standard Determinations   
Cations (mg/L) 
Equivalence 
Factor   
  Ca2+ 179 0.0499 8.9321
  Mg2+ 23.1 0.08226 1.900206
  Na+ 31.3 0.04352 1.362176
  K+ 4 0.02557 0.10228
  Total Fe 0.5 0.03581 0.017905
  Total Mn 0.5 0.0364 0.0182
Cation Sum 12.332867
Anions   
  F- 0.208 0.05264 0.01094912
  Cl- 34.9 0.028221 0.9849129
  NO3- 0.23 0.01613 0.0037099
  PO43- 2.92 0.03159 0.0922428
  SO42- 337.5 0.02082 7.02675
  HCO3- 252 0.01639 4.13028
  CO32- 0.03333   
Anion Sum 12.24884472
Deviation Sum   
Calculated TDS 866.158   
Total Dissolved Solids 
(TDS) 855   
TDS Deviation 1.01305   
Conductivity SC25 (us)   964     
  
112 
Sample ID M1 9/28/04      
Standard Determinations   
Cations (mg/L) 
Equivalence 
Factor   
  Ca2+ 75 0.0499 3.7425
  Mg2+ 31.8 0.08226 2.615868
  Na+ 15.8 0.04352 0.687616
  K+ 2.54 0.02557 0.0649478
  Total Fe 0.5 0.03581 0.017905
  Total Mn 0.76 0.0364 0.027664
Cation Sum 7.1565008
Anions   
  F- 0.341 0.05264 0.01795024
  Cl- 17.4 0.028221 0.4910454
  NO3- 1.21 0.01613 0.0195173
  PO43- 4.62 0.03159 0.1459458
  SO42- 206 0.02082 4.28892
  HCO3- 140 0.01639 2.2946
  CO32- 0.03333   
Anion Sum 7.25797874
Deviation Sum   
Calculated TDS 495.971   
Total Dissolved Solids 
(TDS) 510   
TDS Deviation 0.972492   
Conductivity SC25 (us)   589     
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Sample ID M2 9/28/04      
Standard Determinations   
Cations (mg/L) 
Equivalence 
Factor   
  Ca2+ 236 0.0499 11.7764
  Mg2+ 59.6 0.08226 4.902696
  Na+ 23.7 0.04352 1.031424
  K+ 2.84 0.02557 0.0726188
  Total Fe 0.5 0.03581 0.017905
  Total Mn 0.5 0.0364 0.0182
Cation Sum 17.8192438
Anions   
  F- 0.284 0.05264 0.01494976
  Cl- 36.9 0.028221 1.0413549
  NO3- 0.898 0.01613 0.01448474
  PO43- 0.565 0.03159 0.01784835
  SO42- 530 0.02082 11.0346
  HCO3- 264 0.01639 4.32696
  CO32- 0.03333   
Anion Sum 16.45019775
Deviation Sum   
Calculated TDS 1155.787   
Total Dissolved Solids 
(TDS) 1120   
TDS Deviation 1.031953   
Conductivity SC25 (us)   1245     
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Sample ID WL7 9/28/04     
Standard Determinations   
Cations (mg/L) 
Equivalence 
Factor   
  Ca2+ 36.4 0.0499 1.81636
  Mg2+ 7.29 0.08226 0.5996754
  Na+ 118 0.04352 5.13536
  K+ 4.81 0.02557 0.1229917
  Total Fe 0.5 0.03581 0.017905
  Total Mn 0.5 0.0364 0.0182
Cation Sum 7.7104921
Anions   
  F- 1.25 0.05264 0.0658
  Cl- 12.4 0.028221 0.3499404
  NO3- 0.279 0.01613 0.00450027
  PO43- 0.05 0.03159 0.0015795
  SO42- 47.7 0.02082 0.993114
  HCO3- 364 0.01639 5.96596
  CO32- 0.03333   
Anion Sum 7.38089417
Deviation Sum   
Calculated TDS 593.179   
Total Dissolved Solids 
(TDS) 545   
TDS Deviation 1.088402   
Conductivity SC25 (us)   599     
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Sample ID WL11 9/28/04     
Standard Determinations   
Cations (mg/L) 
Equivalence 
Factor   
  Ca2+ 141 0.0499 7.0359
  Mg2+ 26.8 0.08226 2.204568
  Na+ 37.4 0.04352 1.627648
  K+ 3.71 0.02557 0.0948647
  Total Fe 0.58 0.03581 0.0207698
  Total Mn 0.5 0.0364 0.0182
Cation Sum 11.0019505
Anions   
  F- 0.485 0.05264 0.0255304
  Cl- 35.2 0.028221 0.9933792
  NO3- 0.237 0.01613 0.00382281
  PO43- 1.8 0.03159 0.056862
  SO42- 293 0.02082 6.10026
  HCO3- 248 0.01639 4.06472
  CO32- 0.03333   
Anion Sum 11.24457441
Deviation Sum   
Calculated TDS 788.712   
Total Dissolved Solids 
(TDS) 680   
TDS Deviation 1.159871   
Conductivity SC25 (us)   851     
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Table B.1. Elemental concentrations in groundwater samples measured from TDS by ICP-MS.   
Measurements represent dry TDS-based concentration values. 
Sample 
Time 
(days) 
TDS 
(ppm) 
Ag 
(ppm) 
As 
(ppm) B (ppm) 
Ba 
(ppm) 
Be 
(ppm) 
Bi 
(ppm) 
Cd   
(ppm) 
Ce 
(ppm) 
Co 
(ppm) 
Cr 
(ppm) 
Cs 
(ppm) 
Cu 
(ppm) 
Hf 
(ppm) 
La 
(ppm) 
Li 
(ppm)
 Detection Limit  NA  NA 0.01* 0.1 10 5 0.1 0.02 0.01 0.05 0.1 1 0.05 0.5 0.05 0.1 1 
MI 5/3/93 0 300 ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M1 5/17/93 14 280 ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M1 8/17/93 106 280 ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M1 12/10/93          221 270 ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M1 9/14/94 499 312 ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M1 3/30/95 696 332 ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M1 6/28/95 786 390 ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M1 12/5/95           946 424 0.02 1.60 208 83.0 - 0.10 1.93 - 0.70 - 0.07 - - 0.10 26.0 
M1 4/10/96           1072 538 0.13 0.50 52.0 47.0 - 0.09 1.15 - 2.10 - - 12.4 - 0.20 19.0 
M1 2/8/98            1741 575 0.02 0.10 60.0 12.0 - 0.04 0.16 - 0.80 - - 12.7 - - 21.0 
M1 11/16/98          2022 613 0.03 2.00 52.0 11.0 - 0.03 0.14 - 0.30 - - 1.20 - - 16.0 
M1 2/23/99           2152 570 - 0.50 113 22.0 - 0.04 0.21 - 1.30 - -- 1.40 - 0.40 21.0 
M1 11/19/99          2421 540 - 16.1 67.0 19.0 - 0.03 0.11 - 2.70 - - 22.6 - - 23.0 
M1 5/12/00           2565 640 0.02 0.10 17.0  - - 0.03 - 0.10 - - 0.40 - - 4.00 
M1 1/22/02 3185 635 - 1.10 - 19.0 - 0.08 0.15 - 0.60 1.00 - 2.60 - - 24.0 
M1 2/28/03 3587 313 - 0.70 - 14.0 - 0.07 0.20 - 0.50 2.00 - 2.40 - - 20.0 
M1 1/19/04 3912 465 0.02 0.50 - 20.0 - - 0.07 - 1.10 - - 2.00 - - 26.0 
M1 4/2/04 3985 455 - 1.20 - 21.0 - - 0.50 - 2.70 1.00 - 1.80 - - 24.0 
M1 5/25/04 4038 490 0.03 0.40 - 18.0 - 0.04 0.13 - 1.70 1.00 - 3.70 0.03 - 24.0 
M1 7/27/04 4101 515 - 0.70 - 20.0 - - 0.26 - 1.40 - - 7.40 - - 19.0 
M1 9/28/04 4164 510  ** **  **  **   ** **   **  **  ** **  **   **  ** **  **  
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Table B.1. Elemental concentrations in groundwater samples measured from TDS by ICP-MS.   
Measurements represent dry TDS-based concentration values (continued). 
Sample 
Time 
(days) 
Mn 
(ppm) Mo (ppm) Ni (ppm) Pb (ppm) Rb (ppm) Sb (ppm) Sc (ppm) Sn (ppm) Sr (ppm) U (ppm) W (ppm) Y (ppm) Zn (ppm) 
Zr 
(ppm) 
 Detection Limit  NA 5 0.05 0.5 0.2 0.2 0.05 0.1 0.3 0.5 0.05 0.1 0.05 1 0.5 
MI 5/3/93 0 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M1 5/17/93 14 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M1 8/17/93 106 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M1 12/10/93       221 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M1 9/14/94 499 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M1 3/30/95 696 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M1 6/28/95 786 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M1 12/5/95         946 1080 1.66 19.2 0.70 1.40 0.06 0.30 0.80 349 0.18 0.60 0.09 17.0 - 
M1 4/10/96         1072 1730 1.30 15.9 1.80 0.70 0.07 0.40 - 296 0.14 0.30 - 51.0 - 
M1 2/8/98           1741 343 1.09 6.90 0.40 0.90 0.12 0.20 - 263 0.12 0.60 0.09 15.0 - 
M1 11/16/98       2022 56.0 0.80 4.30 0.80 0.70 0.08 0.30 0.30 375 0.15 0.70 - 7.00 - 
M1 2/23/99         2152 989 0.81 4.30 0.40 0.70 - 0.40 - 345 0.10 0.20 - 9.00 - 
M1 11/19/99       2421 1850 0.73 8.10 0.90 1.40 0.23 0.30 - 318 0.24 0.20 - 17.0 - 
M1 5/12/00         2565 35.0 0.24 1.50 0.80 - - 0.10 - 80.2 - 0.30 - 12.0 - 
M1 1/22/02 3185 775 1.13 7.40 2.00 1.10 0.11 0.10 - 299 0.10 0.10 - 36.0 - 
M1 2/28/03 3587 716 0.75 6.30 - 0.50 -  - 217 0.20 - - 16.0 - 
M1 1/19/04 3912 1010 1.05 5.90 - 0.60 0.05 0.10 - 267 - - - 7.00 - 
M1 4/2/04 3985 1870 1.02 6.10 - 0.60 -  - 265 0.10 - - 7.00 - 
M1 5/25/04 4038 989 0.77 6.90 - 0.70 - 0.20 - 316 0.10 - - 12.0 - 
M1 7/27/04 4101 1040 0.88 6.10 1.10 0.50 - 0.10 - 256 0.10 - - 28.0 - 
M1 9/28/04 4164  **  **  ** **  **  **   **  **  ** **   **  ** **   ** 
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Table B.1. Elemental concentrations in groundwater samples measured from TDS by ICP-MS.   
Measurements represent dry TDS-based concentration values (continued). 
Sample 
Time 
(days) 
TDS 
(ppm) 
Ag 
(ppm) 
As 
(ppm) B (ppm) 
Ba 
(ppm) 
Be 
(ppm) 
Bi 
(ppm) 
Cd   
(ppm) 
Ce 
(ppm) 
Co 
(ppm) 
Cr 
(ppm) 
Cs 
(ppm) 
Cu 
(ppm) 
Hf 
(ppm) 
La 
(ppm) 
Li 
(ppm)
 Detection Limit  NA  NA 0.01* 0.1 10 5 0.1 0.02 0.01 0.05 0.1 1 0.05 0.5 0.05 0.1 1 
M2 5/3/93 0 730 ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M2 5/17/93 14 680 ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M2 8/17/93 106 2200 ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M2 12/10/93 221 1700 ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M2 9/14/94 499 1026 ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M2 3/30/95 696 1302 ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M2 6/28/95 786 1400 ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M2 12/5/95         946 1304 0.04 - 60.0 8.00 - - 0.08 - 0.30 4.00 - - - - 19.0 
M2 4/10/96         1072 1523 - - 35.0 7.00 - - 0.49 - 0.30 - - 3.50 - - 14.0 
M2 11/16/98       2022 1070 - - 40.0 12.0 - - 0.14 - 0.30 - - - - - 21.0 
M2 2/23/99         2152 1380 - - 132 20.0 - - 0.43 - 0.30 - - 1.70 - 3.60 15.0 
M2 11/19/99       2421 700 - - 43.0 16.0 - - 0.11 - 0.30 - - 3.80 - - 27.0 
M2 1/22/02 3185 464 - - - 24.0 - 0.07 0.08 - 0.30 3.00 - 3.60  - 41.0 
M2 2/28/03 3587 400 0.05 0.60 - 22.0 - 0.05 0.03 - 0.30 2.00 - 3.20 0.05 - 36.0 
M2 1/19/04 3912 500 - 0.90 - 31.0 - 0.04 0.08 - 0.30 2.00 - 3.20 0.03 - 48.0 
M2 4/2/04 3985 495 - 0.40 - 33.0 - 0.04 3.00 - 0.40 2.00 - 4.10 0.02 - 48.0 
M2 5/25/04 4038 590 - 0.70 - 19.0 - - 0.05 - 0.30 1.00 - 4.10 0.06 - 29.0 
M2 7/27/04 4101 705 0.02 0.20 - 27.0 - - 0.11 - 0.20 - - 6.40 - - 24.0 
M2 9/28/04 4164 1120  **  **  ** **  **   ** **  **  **  **   ** **   ** **   ** 
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Table B.1. Elemental concentrations in groundwater samples measured from TDS by ICP-MS.   
Measurements represent dry TDS-based concentration values (continued). 
Sample 
Time 
(days) 
Mn 
(ppm) Mo (ppm) Ni (ppm) Pb (ppm) Rb (ppm) Sb (ppm) Sc (ppm) Sn (ppm) Sr (ppm) U (ppm) W (ppm) Y (ppm) Zn (ppm) Zr (ppm) 
 Detection Limit  NA 5 0.05 0.5 0.2 0.2 0.05 0.1 0.3 0.5 0.05 0.1 0.05 1 0.5 
M2 5/3/93 0 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M2 5/17/93 14 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M2 8/17/93 106 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M2 12/10/93 221 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M2 9/14/94 499 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M2 3/30/95 696 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M2 6/28/95 786 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M2 12/5/95           946 40.0 0.39 6.60 0.50 2.10 - 0.20 - 416 0.48 0.80 - - - 
M2 4/10/96           1072 8.00 0.14 3.80 0.30 2.00 - 0.10 - 442 0.24 0.20 - 7.00 - 
M2 11/16/98         2022 7.00 0.85 4.60 - 2.40 - 0.30 - 476 0.61 1.20 - 2.00 - 
M2 2/23/99           2152 25.0 0.77 4.70 0.70 1.80 - 0.20 - 472 0.35 0.20 - 7.00 0.60 
M2 11/19/99         2421 - 1.10 3.70 0.40 2.50 0.05 0.40 - 424 0.63 0.20 - 6.00 - 
M2 1/22/02 3185 - 0.85 7.00 - 2.20 0.16 0.20 - 299 0.60 0.10 - 10.0 - 
M2 2/28/03 3587 - 0.35 9.30 - 1.60 0.10 0.20 - 268 0.20 - - 6.00 - 
M2 1/19/04 3912 - 0.53 9.70 - 2.50 0.20 2.00 - 329 0.50 - - 7.00 - 
M2 4/2/04 3985 - 0.58 12.6 - 2.40 0.18 0.30 - 332 0.60 - - 9.00 - 
M2 5/25/04 4038 - 0.38 9.90 0.60 1.70 0.08 0.40 - 345 0.40 - - 3.00 - 
M2 7/27/04 4101 10.0 0.31 9.40 - 1.60 0.09 0.10 - 349 0.50 - - 11.0 - 
M2 9/28/04 4164 **   ** **  **   ** **  **   ** **   **  ** **   ** **  
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Table B.1. Elemental concentrations in groundwater samples measured from TDS by ICP-MS.   
Measurements represent dry TDS-based concentration values (continued). 
Sample 
Time 
(days) 
TDS 
(ppm) 
Ag 
(ppm) 
As 
(ppm) B (ppm) 
Ba 
(ppm) 
Be 
(ppm) 
Bi 
(ppm) 
Cd   
(ppm) 
Ce 
(ppm) 
Co 
(ppm) 
Cr 
(ppm) 
Cs 
(ppm) 
Cu 
(ppm) 
Hf 
(ppm) 
La 
(ppm) 
Li 
(ppm) 
 Detection Limit  NA  NA 0.01* 0.1 10 5 0.1 0.02 0.01 0.05 0.1 1 0.05 0.5 0.05 0.1 1 
WL7 11/10/94 556 536 ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
WL7 4/6/95         703 524 0.01 - 1080 139 0.30 0.02 0.11 1.44 0.20 - 0.17 1.60 0.94 - 35.0 
WL7 6/28/95 786 170 ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
WL7 12/5/95       946 618 - - 1040 145 0.20 - 0.07 1.46 0.40 - 0.18 6.30 0.35 0.10 33.0 
WL7 4/10/96       1072 638 - - 1280 141 0.30 0.10 0.03 1.63 0.10 - 0.17 10.9 0.11 - 32.0 
WL7 1/19/04 3912 565 - - - 84.0 - - 0.02  - - 0.07 1.80 0.02 - 8.00 
WL7 4/2/04 3985 535 - - - 71.0 - - 0.06 - - - 0.06 0.80 -  8.00 
WL7 5/25/04 4038 935 - - - 92.0 - - - - - - 0.08 2.60 - - 12.0 
WL7 7/27/04 4101 560 - - - 176 - - 0.04 - - - 0.14 2.20 0.06 - 20.0 
WL7 9/28/04 4164 545 ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
WL11 6/23/93 51 850 ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
WL11 11/10/94 556 768 ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
WL11 4/6/95 703 738 ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
WL11 6/28/95 786 780 ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
WL11 12/5/95     946 702 - 0.30 231 21.0 - 0.04 0.02 - 0.30 - - - - - 15.0 
WL11 4/10/96 1072 698 ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
WL11 1/19/04 3912 650 0.02 0.60 - 21.0 - 0.11 0.03 - 0.30 - - 2.00 0.05 - 15.0 
WL11 4/2/04 3985 665 - 0.40 - 17.0 - - - - 0.40 - - 2.10 - - 12.0 
WL11 5/25/04 4038 695 - 0.70 - 19.0 - 0.04 - 0.06 0.40 - - 3.00 0.03 - 13.0 
WL11 7/27/04 4101 855 - - - 23.0 - - - - 0.20 - - 4.20 - - 11.0 
WL11 9/28/04 4164 680  **  ** **   ** **   **  **  **  ** **   **  **  **  ** **  
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Table B.1. Elemental concentrations in groundwater samples measured from TDS by ICP-MS.   
Measurements represent dry TDS-based concentration values (continued). 
Sample 
Time 
(days) 
Mn 
(ppm)     
Mo 
(ppm)     Ni (ppm)   Pb (ppm)   Rb (ppm)  Sb (ppm)   Sc (ppm)   Sn (ppm)   Sr (ppm)   U (ppm)    W (ppm)   Y (ppm)    Zn (ppm)   Zr (ppm)   
 Detection Limit  NA 5 0.05 0.5 0.2 0.2 0.05 0.1 0.3 0.5 0.05 0.1 0.05 1 0.5 
WL7 11/10/94 556 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
WL7 4/6/95           703 59.0 0.74 3.20 1.70 8.30 0.07 0.10 - 190 - 0.20 0.16 53.0 2.70 
WL7 6/28/95 786 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
WL7 12/5/95          946 95.0 0.46 8.40 0.60 8.30 - 0.20 0.40 198 - 0.50 0.26 21.0 15.3 
WL7 4/10/96          1072 19.0 0.35 1.30 1.70 7.70 - - 0.30 211 - 0.20 0.06 62.0 4.80 
WL7 1/19/04 3912 35.0 0.14 1.10 - 2.80 - - - 183 - - - 20.0 0.70 
WL7 4/2/04 3985 28.0 0.18 0.90 - 2.50 - - - 153 - - - 12.0 - 
WL7 5/25/04 4038 25.0 0.30 1.70 - 3.40 - 0.10 - 204 - - - 8.00 - 
WL7 7/27/04 4101 77.0 0.23 2.60 - 7.10 - 0.10 - 384 - - - 14.0 2.80 
WL7 9/28/04 4164 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
WL11 6/23/93 51 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
WL11 11/10/94 556 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
WL11 4/6/95 703 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
WL11 6/28/95 786 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
WL11 12/5/95        946 82.0 0.26 9.00 0.40 3.40 - 0.30 0.90 802 - 0.40 - 1.00 0.80 
WL11 4/10/96 1072 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
WL11 1/19/04 3912 322 0.28 5.80 - 3.90 - 0.10 - 537 - - - 4.00 - 
WL11 4/2/04 3985 391 0.20 6.60 - 3.10 - 0.20 - 510 - - - 4.00 - 
WL11 5/25/04 4038 349 0.40 6.70 - 3.50 - 0.30 - 581 - - - 6.00 - 
WL11 7/27/04 4101 410 0.22 5.50 - 3.30 - 0.20 - 579 - - - 7.00 - 
WL11 9/28/04 4164  **  **  **  **  **  **  **  ** **   **  **  **  **  ** 
* Detection limit 
– Not detected 
**Not analyzed 
+Aspirin added to meet weight requirement 
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Table B.2. Elemental concentrations in groundwater samples. 
Sample  
Time 
(days) 
TDS 
(ppm) 
Ag 
(ppb)    
As 
(ppb)    
B  
(ppb)    
Ba 
(ppb)    
Be 
(ppb)    
Bi 
(ppb)     
Cd 
(ppb)     
Ce 
(ppb)     
Co 
(ppb)     
Cr 
(ppb)     
Cs 
(ppb)     
Cu 
(ppb)     
Fe 
(ppb)     
Hf 
(ppb)     
La 
(ppb)     
Li 
(ppb)   
MI 5/3/93 0 300 ** ** ** ** ** ** ** ** ** ** ** ** - ** ** ** 
M1 5/17/93 14 280 ** ** ** ** ** ** ** ** ** ** ** ** - ** ** ** 
M1 8/17/93 106 280 ** ** ** ** ** ** ** ** ** ** ** ** - ** ** ** 
M1 12/10/93  221 270 ** ** ** ** ** ** ** ** ** ** ** ** - ** ** ** 
M1 9/14/94 499 312 ** ** ** ** ** ** ** ** ** ** ** ** - ** ** ** 
M1 3/30/95 696 332 ** ** ** ** ** ** ** ** ** ** ** ** 270 ** ** ** 
M1 6/28/95 786 390 ** ** ** ** ** ** ** ** ** ** ** ** 130 ** ** ** 
M1 12/5/95    946 424 0.01 0.68 88.2 35.2 - 0.04 0.82 - 0.30 - 0.03 - - - 0.04 11.0 
M1 4/10/96    1072 538 0.07 0.27 28.0 25.3 - 0.05 0.62 - 1.13 - - 6.67 450 - 0.11 10.2 
M1 2/8/98      1741 575 0.01 0.06 34.5 6.90 - 0.02 0.09 - 0.46 - - 7.30 1300 - - 12.1 
M1 11/16/98  2022 613 0.02 1.23 31.9 6.74 - 0.02 0.09 - 0.18 - - 0.74 100 - - 9.81 
M1 2/23/99    2152 570 - 0.29 64.4 12.5 - 0.02 0.12 - 0.74 - - 0.80 120 - 0.23 12.0 
M1 11/19/99  2421 540 - 8.69 36.2 10.3 - 0.02 0.06 - 1.46 - - 12.2 300 -  12.4 
M1 5/12/00    2565 640 0.01 0.06 10.9 - - 0.00 0.02 - 0.06 - - 0.26 90.0 - - 2.56 
M1 1/22/02 3185 635 - 0.70 - 12.1 - 0.05 0.10 - 0.38 0.64 - 1.65 - - - 15.2 
M1 2/28/03 3587 313 - 0.22 - 4.38 - 0.02 0.06 - 0.16 0.63 - 0.75 - - - 6.26 
M1 1/19/04 3912 465 0.01 0.23 - 9.30 -  0.03 - 0.51 - - 0.93 - - - 12.1 
M1 4/2/04 3985 455 - 0.55 - 9.56 -  0.23 - 1.23 0.46 - 0.82 890 - - 10.9 
M1 5/25/04 4038 490 0.01 0.20 - 8.82 - 0.02 0.06 - 0.83 0.49 - 1.81 2400 0.01 - 11.8 
M1 7/27/04 4101 515 - 0.36 - 10.3 -  0.13 - 0.72 - - 3.81 510 - - 9.79 
M1 9/28/04 4164 510 ** ** ** ** ** ** ** ** ** ** ** ** - ** ** ** 
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Table B.2. Elemental concentrations in groundwater samples (continued). 
Sample Mn (ppb)    Mo (ppb)    Ni (ppb)     Pb (ppb)    Rb (ppb)    Sb (ppb)     Sc (ppb)     Sn (ppb)     Sr (ppb)     U  (ppb)     W (ppb)     Y  (ppb)     Zn (ppb)    
MI 5/3/93 ** ** ** ** ** ** ** ** ** ** ** ** ** 
M1 5/17/93 ** ** ** ** ** ** ** ** ** ** ** ** ** 
M1 8/17/93 ** ** ** ** ** ** ** ** ** ** ** ** ** 
M1 12/10/93          ** ** ** ** ** ** ** ** ** ** ** ** ** 
M1 9/14/94 ** ** ** ** ** ** ** ** ** ** ** ** ** 
M1 3/30/95 ** ** ** ** ** ** ** ** ** ** ** ** ** 
M1 6/28/95 ** ** ** ** ** ** ** ** ** ** ** ** ** 
M1 12/5/95           458 0.70 8.14 0.30 0.59 0.03 0.13 0.34 148 0.08 0.25 0.04 7.21 
M1 4/10/96           931 0.70 8.55 0.97 0.38 0.04 0.22 - 159 0.08 0.16 - 27.4 
M1 2/8/98            197 0.63 3.97 0.23 0.52 0.07 0.12 - 151 0.07 0.35 0.05 8.63 
M1 11/16/98          34.3 0.49 2.64 0.49 0.43 0.05 0.18 0.18 230 0.09 0.43 - 4.29 
M1 2/23/99           564 0.46 2.45 0.23 0.40 - 0.23 - 197 0.06 0.11 - 5.13 
M1 11/19/99          999 0.39 4.37 0.49 0.76 0.12 0.16 - 172 0.13 0.11 - 9.18 
M1 5/12/00           22.4 0.15 0.96 0.51 0.00 - 0.06 - 51.3 - 0.19 - 7.68 
M1 1/22/02 492 0.72 4.70 1.27 0.70 0.07 0.06 - 190 0.06 0.06 - 22.9 
M1 2/28/03 224 0.23 1.97 -- 0.16 - - - 67.9 0.06 - - 5.01 
M1 1/19/04 470 0.49 2.74 - 0.28 0.02 0.05 - 124  - - 3.26 
M1 4/2/04 851 0.46 2.78 - 0.27 - - - 121 0.05 - - 3.19 
M1 5/25/04 485 0.38 3.38 - 0.34 - 0.10 - 155 0.05 - - 5.88 
M1 7/27/04 536 0.45 3.14 0.57 0.26 - 0.05 - 132 0.05 - - 14.4 
M1 9/28/04 ** ** ** ** ** ** ** ** ** ** ** ** ** 
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Table B.2. Elemental concentrations in groundwater samples (continued). 
Sample 
Time 
(days) 
TDS 
(ppm) 
Ag 
(ppb) 
As 
(ppb) 
B  
(ppb) 
Ba 
(ppb) 
Be 
(ppb) 
Bi 
(ppb) 
Cd 
(ppb) 
Ce 
(ppb) 
Co 
(ppb) 
Cr 
(ppb) 
Cs 
(ppb) 
Cu 
(ppb) 
Fe 
(ppb) 
Hf 
(ppb) 
La 
(ppb) 
Li 
(ppb) 
M2 5/3/93 0 730 ** ** ** ** ** ** ** ** ** ** ** ** - ** ** ** 
M2 5/17/93 14 680 ** ** ** ** ** ** ** ** ** ** ** ** - ** ** ** 
M2 8/17/93 106 2200 ** ** ** ** ** ** ** ** ** ** ** ** 5600 ** ** ** 
M2 12/10/93 221 1700 ** ** ** ** ** ** ** ** ** ** ** ** 9700 ** ** ** 
M2 9/14/94 499 1026 ** ** ** ** ** ** ** ** ** ** ** ** - ** ** ** 
M2 3/30/95 696 1302 ** ** ** ** ** ** ** ** ** ** ** ** 110 ** ** ** 
M2 6/28/95 786 1400 ** ** ** ** ** ** ** ** ** ** ** ** - ** ** ** 
M2 12/5/95       946 1304 0.05 - 78.2 10.4 - - 0.10 - 0.39 5.22 - - - - - 24.8 
M2 4/10/96       1072 1523 - - 53.3 10.7 - - 0.75 - 0.46 - - 5.33 - - - 21.3 
M2 11/16/98     2022 1070 - - 42.8 12.8 - - 0.15 - 0.32 - - - 100 - - 22.5 
M2 2/23/99       2152 1380 - - 182 27.6 - - 0.59 - 0.41 - - 2.35 100 - 4.97 20.7 
M2 11/19/99     2421 700 - - 30.1 11.2 - - 0.08 - 0.21 - - 2.66 - - - 18.9 
M2 1/22/02 3185 464 - - - 11.1 - 0.03 0.04 - 0.14 - - 1.67 - - - 19.0 
M2 2/28/03 3587 400 0.02 0.24 - 8.80 - 0.02 0.01 - 0.12 0.80 - 1.28 - 0.02 - 14.4 
M2 1/19/04 3912 500 - 0.45 - 15.5 - 0.02 0.04 - 0.15 1.00 - 1.60 - 0.02 - 24.0 
M2 4/2/04 3985 495 - 0.20 - 16.3 - 0.02 1.49 - 0.20 0.99 - 2.03 - 0.01 - 23.8 
M2 5/25/04 4038 590 - 0.41 - 11.2 - - 0.03 - 0.18 0.59 - 2.42 - 0.04 - 17.1 
M2 7/27/04 4101 705 0.01 0.14 - 110.7 - - 0.45 - 0.82   26.25 - - - 98.4 
M2 9/28/04 4164 1120 ** ** ** ** ** ** ** ** ** ** ** ** - ** ** ** 
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Table B.2. Elemental concentrations in groundwater samples (continued). 
Sample Mn (ppb) Mo (ppb) Ni (ppb) Pb (ppb) Rb (ppb) Sb (ppb) Sc (ppb) Sn (ppb) Sr (ppb) U  (ppb) W (ppb) Y  (ppb) Zn (ppb) Zr (ppb) 
M2 5/3/93 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M2 5/17/93 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M2 8/17/93 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M2 12/10/93 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M2 9/14/94 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M2 3/30/95 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M2 6/28/95 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
M2 12/5/95            52.2 0.51 8.61 0.65 2.74 - 0.26 - 542 0.63 1.04 - - - 
M2 4/10/96           12.2 0.21 5.79 0.46 3.05 - 0.15 - 673 0.37 0.30 - 10.7 - 
M2 11/16/98          7.49 0.91 4.92 - 2.57 - 0.32 - 509 0.65 1.28 - 2.14 - 
M2 2/23/99           34.5 1.06 6.49 0.97 2.48 - 0.28 - 651 0.48 0.28 - 9.66 0.83 
M2 11/19/99           - 0.77 2.59 0.28 1.75 0.04 0.28 - 297 0.44 0.14 - 4.20 - 
M2 1/22/02 - 0.39 3.25 - 1.02 0.07 - - 139 0.28 - - - - 
M2 2/28/03 - 0.14 3.72 - 0.64 0.04 - - 107 0.08 - - - - 
M2 1/19/04 - 0.27 4.85 - 1.25 0.10 - - 165 0.25 - - - - 
M2 4/2/04 - 0.29 6.24 - 1.19 0.09 0.15 - 164 0.30 - - 4.46 - 
M2 5/25/04 - 0.22 5.84 0.35 1.00 0.05 0.24 - 204 0.24 - - 1.77 - 
M2 7/27/04 41.0 1.27 38.5 - 6.56 0.37 0.41 - 1430 2.05 - - 45.1 - 
M2 9/28/04 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
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Table B.2. Elemental concentrations in groundwater samples (continued). 
Sample 
Time 
(days) 
TDS 
(ppm) 
Ag 
(ppb) 
As 
(ppb) 
B  
(ppb) 
Ba 
(ppb) 
Be 
(ppb) 
Bi 
(ppb) 
Cd 
(ppb) 
Ce 
(ppb) 
Co 
(ppb) 
Cr 
(ppb) 
Cs 
(ppb) 
Cu 
(ppb) 
Fe 
(ppb) 
Hf 
(ppb) 
La 
(ppb) 
Li 
(ppb) 
WL7 11/10/94 556 536 ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
WL7 4/6/95         703 524 0.01 - 566 97.7 0.16 0.01 0.08 0.75 0.14 - 0.09 1.12 250 0.49 - 24.6 
WL7 6/28/95 786 170 ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
WL7 12/5/95       946 618 - - 643 137.2 0.12 - 0.07 0.90 0.38 - 0.11 5.96 - 0.22 0.06 31.2 
WL7 4/10/96       1072 638 - - 817 151.2 0.19 0.06 0.03 1.04 0.11 - 0.11 11.68 - 0.07 - 34.3 
WL7 1/19/04 3912 565 - - - 328.6 - - 0.08 - - - - 7.04 - - - 31.3 
WL7 4/2/04 3985 535 - - - 282.9 - - 0.24 - - - - 3.19 - - - 31.9 
WL7 5/25/04 4038 935 - - - 371.5 - -  - - - - 10.50 - - - 48.5 
WL7 7/27/04 4101 560 - - - 721.8 - - 0.16 - - - - 9.02 - - - 82.0 
WL7 9/28/04 4164 545 ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
WL11 6/23/93 51 850 ** ** ** ** ** ** ** ** ** ** ** ** 80.0 ** ** ** 
WL11 11/10/94 556 768 ** ** ** ** ** ** ** ** ** ** ** ** 730 ** ** ** 
WL11 4/6/95 703 738 ** ** ** ** ** ** ** ** ** ** ** ** - ** ** ** 
WL11 6/28/95 786 780 ** ** ** ** ** ** ** ** ** ** ** ** 210 ** ** ** 
WL11 12/5/95     946 702 - 0.21 162 19.9 - 0.03 0.02 - 0.28 - - - 900 - - 14.2 
WL11 4/10/96 1072 698 ** ** ** ** ** ** ** ** ** ** ** ** 1070 ** ** ** 
WL11 1/19/04 3912 650 0.01 0.39 - 82.2 - 0.07 0.12 - 1.17 - - 7.82 - 0.03 - 58.7 
WL11 4/2/04 3985 665 - 0.27 - 67.7 - - - - 1.59 - - 8.37 1000 - - 47.8 
WL11 5/25/04 4038 695 - 0.49 - 76.7 - 0.03 - 0.04 1.62 - - 12.11 1440 0.02 - 52.5 
WL11 7/27/04 4101 855 -  - 94.3 - - - - 0.82 - - 17.22 - - - 45.1 
WL11 9/28/04 4164 680 ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
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Table B.2. Elemental concentrations in groundwater samples (continued). 
Sample Mn (ppb)   Mo (ppb)   Ni (ppb)    Pb (ppb)    Rb (ppb)    Sb (ppb)    Sc (ppb)    Sn (ppb)    Sr (ppb)    U  (ppb)    W (ppb)    Y  (ppb)    Zn (ppb)    Zr (ppb)   
WL7 11/10/94 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
WL7 4/6/95           41.5 0.52 2.25 0.89 5.83 0.05 0.07 - 134 - 0.10 0.08 37.3 1.41 
WL7 6/28/95 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
WL7 12/5/95          89.9 0.44 7.95 0.37 7.85 - 0.19 0.25 187 - 0.31 0.16 19.9 9.46 
WL7 4/10/96          20.4 0.38 1.39 1.08 8.25 - - 0.19 226 - 0.13 0.04 66.5 3.06 
WL7 1/19/04 137 0.55 4.30 - 10.95 - - - 717 - - - 78.2 - 
WL7 4/2/04 112 0.72 3.59 - 9.96 - - - 608.1 - - - 47.8 - 
WL7 5/25/04 101 1.21 6.86 - 13.73 - 0.40 - 823 - - - 32.3 - 
WL7 7/27/04 316 0.94 10.7 - 29.12 - 0.41 - 1574 - - - 57.4 - 
WL7 9/28/04 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
WL11 6/23/93 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
WL11 11/10/94 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
WL11 4/6/95 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
WL11 6/28/95 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
WL11 12/5/95         77.6 0.25 8.51 0.28 3.22 - 0.28 0.63 759 - 0.28 - 0.95 0.56 
WL11 4/10/96 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
WL11 1/19/04 1260 1.10 22.7 - 15.26 - 0.39 - 2102 - - - 15.65 - 
WL11 4/2/04 1558 0.80 26.3 - 12.35 - 0.80 - 2032 - - - 15.94 - 
WL11 5/25/04 1409 1.62 27.1 - 14.13 - 1.21 - 2346 - - - 24.23 - 
WL11 7/27/04 1681 0.90 22.6 - 13.53 - 0.82 - 2374 - - - 28.71 - 
WL11 9/28/04 ** ** ** ** ** ** ** ** ** ** ** ** ** ** 
* Detection limit 
– Not detected 
**Not analyzed 
+Aspirin added to meet weight requirement 
 
 
